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COMBUSTION  IN  THE  FUEL  BED  OF  HAND-FIRED 

FURNACES. 


By  Henry  Kreisinger,  F.  K.  Ovitz,  and  C.  E.  Augustine. 


INTRODUCTION. 


This  report  is  the  second  of  a  series  of  publications  of  the  Bureau 
of  Mines  on  the  general  subject  of  combustion  of  coal  in  boiler  fur- 
naces and  similar  apparatus  where  coal  is  burned  completely  for 
the  purpose  of  producing  heat  at  high  temperature.  The  first  pub- 
lication of  this  series  is  Technical  Paper  63,a  which  treats  of  the 
combustion  of  gases  and  other  combustible  substances  rising  from 
the  fuel  bed  of  the  side-feed  type  of  mechanical  stoker. 

OBJECT  OF  INVESTIGATION. 

The  main  object  of  the  investigation  described  in  this  report  was 
to  determine  the  conditions  governing  the  process  of  combustion  in 
the  fuel  bed  of  a  hand-fired  furnace.  The  results  of  this  investiga- 
tion furnish  data  for  correct  design  of  coal-burning  grates  and 
furnaces  and  their  efficient  operation.  They  also  cast  light  on  the 
important  problem  of  clinker  trouble  as  related  to  fusibility  of  ash. 
They  further  indicate  the  possibility  of  a  high  rate  of  gasification 
of  coal  in  gas  producers,  as  suggested  in  Bulletin  7.'& 

SCOPE  OF  THIS  REPORT. 

The  material  presented  in  this  paper  is  arranged,  for  convenience, 
in  four  parts,  as  follows:  (1)  General  information  on  the  combus- 
tion of  coal,  (2)  description  and  results  of  original  investigation  of 
the  process  of  combustion  in  fuel  beds,  (3)  discussion  of  the  results 
of  the  investigations,  and  (4)  miscellaneous  data  on  combustion  in 
fuel  beds. 

The  first  part  contains  general  information  on  the  combustion  of 
coal  in  furnaces.  What  combustion  is  and  how  the  process  of  com- 
bustion takes  place  is  explained,  also  how  much  air  is  needed  to  burn 

°  Clement,  J.  K.,  Frazer,  J.  C.  W.,  and  Augustine,  C.  E.,  Factors  governing  the  combus- 
tion of  coal  in  boiler  furnaces  :  Tech.  Paper  63,  Bureau  of  Mines,  1914,  46  pp. 

1  Clement,  J.  K.,  Adams,  L.  H.,  and  Haskins,  C.  N.,  Essential  factors  in  the  formation  of 
producer  gas :  Bull.  7,  Bureau  of  Mines,  1911,  58  pp. 
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1  pound  of  coal  and  how  the  air  and  the  coal  are  brought  together 
to  effect  combustion.  The  method  of  feeding  coal  and  air  in  four 
types  of  commercial  furnaces  is  shown  and  discussed. 

The  second  part  contains  the  description  and  the  results  of  about  50 
tests  made  in  a  small  experimental  hand-fired  furnace,  which  was 
designed  for  an  accurate  study  of  the  processes  of  combustion  in 
the  fuel  bed.  Provision  was  made  for  taking  gas  samples  and  tem- 
perature measurements  at  various  depths  in  the  fuel  bed.  Three 
kinds  of  fuels  were  tested  in  this  furnace,  namely,  Pittsburgh  coal, 
anthracite  coal,  and  coke.  The  rate  of  combustion  was  varied  from 
20  to  185  pounds  of  fuel  per  square  foot  of  grate  per  hour.  Two 
thicknesses  of  fuel  bed  were  used — 6-inch  and  12-inch.  The  air  sup- 
plied through  the  grate  was  measured  with  an  orifice. 

The  third  part  discusses  the  investigations  described  in  the  second 
part  of  the  report,  and  includes  about  40  charts  that  show  the  com- 
position of  the  gases  and  the  temperatures  at  different  depths  in  the 
fuel  bed  of  a  hand-fired  furnace,  and  various  relations  between  the 
air  supply  and  the  rate  of  combustion. 

Many  deductions  are  drawn  from  the  charts,  and  the  significance 
of  these  deductions  in  the  operation  of  industrial  furnaces  is  shown. 
Many  useful  suggestions  on  the  operation  of  such  furnaces  are 
offered. 

The  fourth  part  contains  miscellaneous  data  on  the  composition  of 
gases  rising  from  the  fuel  bed  of  a  hand-fired  furnace  under  a  steam 
boiler,  a  Murphy  stoker,  and  a  Jones  underfeed  stoker.  It  also 
contains  a  short  discussion  of  the  bearing  of  the  results  of  the  experi- 
ments on  the  operation  of  gas  producers  and  explosions  in  boiler 
furnaces. 
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chemist,  and  E.  T.  Gregg,  physical  laboratory  aid  of  the  Bureau  of 
Mines,  in  analyzing  most  of  the  gas  samples  and  in  assisting  with  the 
tests. 

SUMMARY  OF  RESULTS  AND  CONCLUSIONS. 

The  fuel  bed  in  most  types  of  furnaces  acts  primarily  as  a  gas 
producer.  With  a  6-inch  fuel  bed  the  oxygen  in  the  air  rising 
through  the  grate  is  all  used  up  in  combustion  in  the  first  4  inches 
from  the  grate.  At  a  distance  of  4  inches  from  the  grate  the 
carbon  dioxide  content  of  the  gases  has  reached  or  passed  a  maximum 
of  10  to  16  per  cent  and  begins  to  drop.  At  the  surface  of  the  fuel 
bed  the  gases  contain  no  oxygen,  only  6  to  8  per  cent  of  carbon 
dioxide  and  20  to  32  per  cent  of  combustible  gases.  The  composi- 
tion of  the  gases  is  practically  independent  of  the  rate  of  air  supply. 
The  larger  the  quantity  of  air  forced  through  the  fuel  bed,  the  faster 
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the  fuel  burns  or  gasifies,  but  the  ratio  between  weight  of  air  sup- 
plied and  weight  of  fuel  burned  remains  constant  at  about  7  to  1. 

In  general  the  temperature  in  the  fuel  bed  is  the  highest  3  to  5 
inches  from  the  grate,  which  is  also  the  point  of  maximum  carbon 
dioxide  content. 

In  the  practical  operation  of  boiler  furnaces  the  significance  of 
these  results  of  the  tests  is  as  follows: 

As  most  of  the  oxygen  is  consumed  in  the  first  4  inche3  of  the 
fuel  bed,  it  is  not  necessary  with  the  ordinary  rates  of  combustion 
to  run  a  fuel  bed  thicker  than  4  to  6  inches  in  order  to  obtain  a  high 
carbon  dioxide  and  a  low  oxygen  content  in  the  flue  gases.  The  rate 
of  combustion  or  gasification  of  coal  depends  on  the  amount  of  air 
that  can  be  passed  through  the  fuel  bed.  The  thicker  the  fuel  bed 
the  higher  is  its  resistance  to  flow  of  air  through  it  and  the  less  air 
can  be  passed  through  with  a  given  chimney  draft.  A  thick  fuel 
bed,  therefore,  reduces  the  rate  of  combustion  and  thus  reduces  the 
capacity  of  the  boiler. 

A  thick  fuel  bed  is  further  undesirable  because  it  increases  the  tend- 
ency of  the  coal  to  form  troublesome  clinker.  Perhaps  the  only 
apparently  defendable  excuse  for  carrying  a  thick  fuel  bed  is  the 
fact  that  the  chances  of  burning  holes  in  the  fuel  bed  are  reduced.  A 
skillful  fireman  avoids  holes  in  the  fuel  bed  by  firing  frequently  and 
placing  coal  on  the  thin  spots.  A  claim  that  fuel  beds  can  not  be 
kept  in  good  condition  if  carried  thin  is  a  confession  of  neglect  and 
lack  of  skill. 

A  fuel  bed  is  understood  to  be  only  the  layer  of  incandescent  and 
freshly  fired  fuel  and  does  not  include  the  layer  of  dead  ashes  and 
clinker  on  the  grate. 

The  ash  fuses  in  the  upper  layers  of  the  fuel  bed,  and  as  it  sinks  it 
solidifies  2  to  4  inches  from  the  grate.  In  most  cases  the  fusion 
occurs  in  a  reducing  or  partly  reducing  atmosphere,  consequently  in 
studying  the  fusibility  of  ash  the  determinations  should  be  made  in 
a  partly  reducing  atmosphere. 

As  at  the  surface  of  the  fuel  bed  the  gases  contain  20  to  32  per 
cent  combustible  gas  and  practically  no  free  oxygen,  to  obtain  com- 
plete combustion  additional  air  must  be  introduced  over  the  fuel  bed. 
This  statement  is  true  of  all  the  fuels  tested,  including  coke.  As  a 
general  statement,  about  one-half  of  the  15  pounds  of  air  used  to 
burn  1  pound  of  coal  in  a  boiler  furnace  is  supplied  through  the 
fuel  bed ;  the  other  half  must  be  supplied  over  the  fuel  bed. 

The  results  of  the  tests  substantiate  the  statements  made  in  the 
chapter  on  combustion  of  coal  in  Technical  Paper  80.a 

a  Kreisinger,  Henry,  Hand-firing  soft  coal  under  power-plant  boilers  :  Tech.  Paper  SO, 
Bureau  of  Mines,  1915,  83  pp. 
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THE  COMBUSTION  OF  COAL. 

In  order  to  bring  out  more  clearly  that  part  of  the  problem  of  com- 
bustion of  coal  discussed  in  this  report,  the  descriptions  of  tests 
and  the  discussions  of  their  results  are  preceded  by  a  brief  discussion 
of  the  combustion  of  coal  in  general. 

DEFINITION  OP   COMBUSTION   OF   COAL. 

Combustion  of  coal  is  a  chemical  combination  of  the  combustible 
ingredients  of  the  coal  with  the  oxygen  of  the  air.  The  chief  com- 
bustible ingredients  of  coal  of  economic  importance  are  carbon  and 
hydrogen  in  various  combinations.  Average  commercial  coal  con- 
tains about  82  per  cent  of  carbon  and  about  4  per  cent  of  hydrogen 
available  for  combustion.  Air,  without  which  the  coal  could  not 
burn,  contains  approximately  20  per  cent  of  oxygen  and  80  per  cent 
of  nitrogen. 

PRODUCTS  OP  COMBUSTION  OF  COAL. 

When  carbon  burns  completely  the  product  is  carbon  dioxide  (C02) ; 
when  it  is  partly  burned  the  product  is  carbon  monoxide  (CO).  If 
more  oxygen  is  supplied,  carbon  monoxide  can  be  burned  to  carbon 
dioxide.  The  hydrogen  of  coal  burns  to  water  vapor,  which  con- 
denses to  water  when  cooled  to  atmospheric  temperature.  The  fur- 
nace gases  therefore  consist  mainly  of  oxygen  (02),  nitrogen  (N2), 
carbon  dioxide  (C02),  and  carbon  monoxide  (CO).  Besides  these 
there  may  be  found  near  the  surface  of  fuel  bed  a  small  quantity  of 
hydrogen  (H2),  methane  (CH4),  and  unsaturated  hydrocarbons.  By 
analyzing  the  gases  at  successive  points  in  a  furnace  the  progress  of 
combustion  can  be  studied. 

WHERE  COMBUSTION  IN  A  FURNACE   TAKES  PLACE. 

Combustion  of  coal  takes  place  partly  in  the  fuel  bed  and  partly 
in  the  space  above  the  fuel  bed  which  is  commonly  called  the  combus- 
tion space.  The  process  of  combustion  in  the  fuel  bed  consists  chiefly 
of  the  gasification  of  the  fuel.  The  products  of  this  gasification  are 
mainly  C02,  CO,  CH4,  and  H2.  The  combustible  gases  rising  from 
the  fuel  bed  are  burned  in  the  combustion  space  by  uniting  with  the 
oxygen  in  the  air  admitted  through  the  firing  door  or  other  openings 
specially  provided  for  the  purpose,  and  the  combustion  is  complete  if 
the  supply  of  air  and  the  size  of  the  combustion  space  are  sufficient. 
The  process  of  combustion  in  a  hand-fired  furnace  is  well  illustrated 
by  figure  1,  which  shows  the  percentages  of  the  three  principal  gases 
at  various  distances  from  the  grate. 

It  is  shown  that  in  the  fuel  bed  the  composition  of  gases  changes 
rapidly,  whereas  in  the  combustion  space  the  change  in  the  com- 
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position  is  comparatively  slow  and  gradual.  This  paper  is  devoted 
to  the  study  and  discussion  of  the  combustion  processes  within  the 
fuel  bed. 
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AMOUNT  OF  AIR  NEEDED. 

To  burn  completely  1  pound  of  coal  in  a  boiler  furnace  requires 
about  3  pounds  of  oxygen  or  15  pounds  of  air.  One  pound  of  coal 
will  make  a  solid  cube  with  2f-inch  edges.  Fifteen  pounds  of  air  at 
atmospheric  pressure  and  temperature  occupies  a  volume  of  about 
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200  cubic  feet,  which  is  approximately  the  volume  of  a  6-foot  cube. 
The  volumes  of  these  two  cubes  show  the  relative  volumes  of  coal 
and  air  that  must  be  fed  into  the  furnace  to  obtain  complete  com- 
bustion. 

HOW  AIR  SHOULD  BE  SUPPLIED. 

In  the  combustion  of  coal  both  the  amount  of  air  and  the  way 
in  which  the  air  is  supplied  are  important.  The  air  may  be  intro- 
duced to  the  coal  at  an  average  distance  of  several  feet  or  of  a  small 
fraction  of  an  inch,  the  time  required  for  combustion  in  either  case 
depending  on  this  average  distance  through  which  the  oxygen  has 
to  pass  in  order  to  come  in  contact  with  the  surfaces  of  the  coal. 

Thus,  for  example,  if  a  2f-inch  cube  of  coal  were  placed  in  the 
center  of  a  6-foot  cubic  container  filled  with  air  and  kept  hot,  it 
would  burn. completely.  However,  combustion  would  be  slow  and 
might  require  several  hours,  although  there  would  be  enough  air  in 
the  container  to  burn  all  the  coal.  The  combustion  would  be  slow 
because  the  oxygen  is  supplied  at  an  average  distance  of  more  than 
2  feet  from  the  surfaces  of  the  small  cube  of  coal,  so  that  most  of 
the  oxygen  would  have  to  pass  this  average  distance  of  2  feet  by 
the  slow  process  of  diffusion,  and  the  products  of  combustion, 
chiefly  C02,  would  have  to  be  moved  away  a  like  average  distance 
by  the  same  slow  process. 

If,  however,  the  200  cubic  feet  of  air  required  to  burn  the  cube 
of  coal  were  passed  at  high  velocity  in  thin  streams  one-sixteenth 
inch  thick  over  the  surfaces  of  the  cube  of  burning  coal,  combustion 
would  be  rapid,  because  the  oxygen  in  these  streams  of  air  would 
have  to  move  an  average  distance  of  only  one  thirty-second  of  an 
inch  to  get  in  contact  with  the  coal.  Furthermore,  the  oxygen 
would  be  greatly  aided  in  passing  through  this  average  distance  of 
one  thirty-second  inch  by  the  eddy  currents  formed  by  the  high  ve- 
locity of  the  stream  of  air,  and  would  not  depend  on  the  slow 
process  of  natural  diffusion. 

Therefore,  for  rapid  combustion,  the  air  must  be  supplied  in  thin 
streams  of  high  velocity  over  the  surfaces  of  the  coal.  In  general 
it  may  be  stated  that  the  rate  of  burning  depends  entirely  on  the 
rate  at  which  oxygen  is  brought  into  contact  with  the  coal. 

FEATURES   IN   FURNACE   DESIGN. 

The  devising  of  the  best  method  of  bringing  the  oxygen  and  the 
coal  together,  or,  in  other  words,  the  feeding  of  coal  and  air  into 
the  furnace,  is  the  dominant  feature  in  the  problem  of  furnace  de- 
sign. As  coal  must  be  heated  to  its  ignition  temperature  before  it 
can  be  made  to  burn,  another  important  feature  is  the  method  and 
the  rate  of  heating  the  coal.  There  are  other  important  features  in 
furnace  design,  but  the  two  mentioned  are  the  most  important. 


THE    COMBUSTION    OF    COAL. 
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TYPES  OF  COMMERCIAL  FURNACES. 


There  are  several .  more  or  less  satisfactory  methods  of  feeding 
coal  and  air  and  of  heating  the  coal  in  ordinary  boiler  furnaces.  The 
principal  types  of  furnace  feeds  are  shown  in  figure  2,  in  which  the 
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direction  of  feeding  the  coal  and  the  air  into  the  furnace  and  the 
direction  in  which  heat  is  imparted  to  the  coal  are  shown  by  arrows. 
Diagram  A  shows  the  method  of  feeding  coal  and  air  to  hand- 
fired  furnaces.  The  coal  is  fed  intermittently  from  above  and  the 
air  is  supplied  in  the  opposite  direction  and  at  approximately  uni- 
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form  rate  from  beneath  the  grate.  The  coal  is  heated  from  below 
by  contact  with  the  hot  fuel  bed  and  the  hot  products  of  combustion 
that  rise  from  it.  The  rate  of  heating  is  high,  the  coal  being  heated 
to  the  furnace  temperature  within  one  or  two  minutes  after  firing. 
The  volatile  matter  is  distilled  in  the  thin  zone  of  the  freshly  fired 
coal  at  the  top  of  the  fuel  bed.  As  will  be  shown  later,  there  is  no 
free  oxygen  in  this  zone  and  distillation  takes  place  in  a  reducing 
atmosphere. 

Although  the  hand-fired  furnace  is  fairly  satisfactory  for  a  coal 
low  in  volatile  matter,  intermittent  feeding  and  rapid  heating  are 
very  objectionable  for  a  coal  high  in  volatile  matter  because  they 
tend  to  produce  smoke. 

Diagram  B  shows  a  type  of  side  feed  in  which  the  coal  is  moved 
down  by  gravity  and  the  shaking  of  the  grate.  The  Eoney  and  the 
Murphy  stokers  represent  this  type.  Air  is  fed  from  below  at  right 
angles  to  the  direction  of  the  coal  feed.  The  heating  of  the  coal, 
which  is  mostly  by  conduction  through  the  fuel  and  by  radiation 
from  the  arch,  proceeds  nearly  in  the  opposite  direction  to  that  of 
the  feed  of  coal  and  at  right  angles  to  the  feed  of  air.  It  is  gradual 
and  extends  over  several  minutes.  The  hot  products  of  combustion 
do  not  come  in  contact  with  the  fresh  coal.  The  volatile  matter  is 
distilled  in  a  wide  zone  extending  vertically  the  full  thickness  of  the 
fuel  bed  near  the  place  where  the  coal  enters  the  furnace  and  where 
the  atmosphere  contains  a  large  percentage  of  oxygen.  Because  the 
coal  is  fed  uniformly  and  heated  slowly,  and  because  the  distillation 
of  volatile  matter  takes  place  largely  in  an  oxidizing  atmosphere, 
this  type  of  furnace  is  well  adapted  to  high-volatile  coals. 

The  chain  grate  shown  in  diagram  C  is  another  side-feed  stoker 
that  is  in  extensive  use.  With  a  chain  grate  the  feeding  of  coal  is 
more  positive,  because  the  entire  grate  moves  in  the  direction  of 
the  feed. 

Diagram  D  shows  the  underfeed  type  of  stoker, .in  which  both 
the  coal  and  the  air  are  fed  from  below  in  approximately  the  same 
direction,  and  the  heating  of  the  coal  proceeds  from  above  in  the 
opposite  direction.  The  coal  is  heated  mostly  by  conduction  through 
the  fuel  against  the  stream  of  air,  and  distillation  of  volatile  matter 
takes  place  in  an  oxidizing  atmosphere.  This  type  of  stoker  is  well 
adapted  to  burning  high- volatile  coals. 

In  all  these  devices  the  air  is  passed  rapidly  in  fine  streams  through 
the  fuel  bed,  the  velocity  ranging  from  15  to  75  feet  per  second. 

REACTIONS   IN  FUEL   BED   DIFFER  ACCORDING   TO   THE   METHOD 
OF  FEEDING  AIR  AND  HEATING  COAL. 

In  the  devices  just  described  the  reaction  between  the  oxygen  and 
the  combustible  part  of  coal  probably  follows  different  courses,  accord- 
ing to  the  method  of  feeding  coal  and  air,  according  to  the  rate  of 
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heating  the,  coal,  and  according  to  the  kind  of  atmosphere,  whether 
oxidizing  or  reducing,  in  which  the  volatile  matter  is  distilled.  This 
report  treats  mainly  of  the  reactions  in  the  fuel  bed  of  the  hand- 
fired  furnace  shown  in  diagram  A,  figure  2. 

INVESTIGATION   OF   COMBUSTION   IN   THE   FUEL  BED   OF   A   HAND- 
FIRED  FURNACE. 

In  order  to  obtain  data  for  studying  the  process  of  combustion  in 
the  fuel  bed  of  such  a  furnace  50  tests  were  made  with  a  small  hand- 
fired  furnace  at  the  experiment  station  of  the  Bureau  of  Mines  in 
Pittsburgh,  Pa.  In  these  tests  samples  of  gases  were  taken  from  the 
fuel  bed  at  intervals  of  lj  inches  from  the  grate,  anjd  temperatures 
were  measured  at  the  points  where  the  samples  were  taken.  The  air 
supplied  through  the  grate  was  measured  with  an  orifice  box.  Two 
thicknesses  of  fuel  bed  were  used,  6-inch  and  12-inch,  and  three  kinds 
of  fuel  were  tested,  Pittsburgh  coal,  anthracite  coal,  and  coke.  The 
rates  of  combustion  varied  from  20  to  185  pounds  per  square  foot  of 
grate  per  hour. 

DESCRIPTION   OF  APPARATUS. 

Plate  I  shows  the  general  arrangement  of  the  apparatus,  which 
consisted  chiefly  of  a  cylindrical  furnace  placed  on  an  air-tight 
rectangular  ash  box  that  had  an  orifice  box  attached  on  one  side. 
The  air  was  supplied  under  pressure  through  the  orifice  box  into  the 
ash  box  and  up  through  the  grate  to  the  fuel  bed.  Several  gas  sam- 
plers were  inserted  radially  into  the  furnace,  as  shown  in  Plate  I. 
These  samplers  were  water-cooled  and  were  connected  with  rubber 
hose  to  a  water  supply  and  drain  pipe,  the  latter  serving  also  as  a 
support  for  the  stack.  To  the  right  is  shown  a  table  on  which  are 
gas-collecting  devices. 

FURNACE. 

Figure  3  shows  two  sections  through  the  apparatus.  The  furnace 
was  a  steel  cylinder  22J  inches  in  diameter  and  30  inches  high,  lined 
with  a  4^-inch  layer  of  fire  brick.  The  space  inside  the  lining  was 
13J  inches  in  diameter,  giving  approximately  1  square  foot  of  grate 
area.  In  the  wall  of  the  furnace  were  several  f-inch  holes  for  the 
insertion  of  gas  samplers.  The  holes  were  in  planes  spaced  1J  inches 
apart  in  the  vertical  direction  and  distributed  radially  around  the 
furnace,  as  shown  in  figure  3. 

The  grate  was  in  two  sections,  each  of  which  could  be  shaken  in- 
dependently of  the  other.  The  air  spaces  were  about  one-half  inch 
wide  and  constituted  approximately  GO  per  cent  of  the  total  grate 
area.    The  ash  box  had  a  tight-fitting  door  for  the  removal  of  ashes. 
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The  fuel  was  charged  through  the  opening  at  the  top  of  the  fur- 
nace. The  air  was  supplied  to  the  orifice  box  under  a  pressure  of 
8  to  20  inches  of  water  by  a  cupola  blower  which  was  belted  to  an 
electric  motor.  The  flow  of  air  through  the  orifice  was  controlled 
with  a  gate  placed  in  the  duct  between  the  fan  and  the  orifice  box. 


WHY  THIS  TYPE  OF  APPARATUS  WAS  SELECTED. 

This  type  of  apparatus  was  selected  because  with  it  all  factors 
could  be  easily  controlled.  The  grate  area  was  small,  so  that  the 
fuel  bed  could  be  kept  in  uniform  condition  over  the  entire  grate, 
and  yet  was  large  enough  so  that  there  need  be  no  hesitation  about 
applying  the  results  to  large  hand-fired  furnaces.    In  fact,  the  grate 
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was  nearly  as  large  as  in  many  house-heating  furnaces  and  boilers. 
The  furnace  was  easily  accessible  from  all  directions,  an  important 
feature  in  sampling  gases  and  measuring  temperatures.  A  further 
advantage  was  that  the  tests  could  be  started  in  a  short  time  and 
needed  to  be  only  1  to  3  hours  long  to  give  sufficient  accuracy. 

FUELS  USED   IN   TESTS. 

Three  kinds  of  fuel  were  used  in  the  tests — Pittsburgh  coal,  anthra- 
cite, and  metallurgical  coke.  All  three  fuels  were  sized  by  passing 
them  over  1-inch  square-mesh  screen  and  through  lj-inch  screen  of 
the  same  type. 

The  results  of  analyses  of  the  three  fuels  are  as  follows : 


Results  of  analyses  of  three  fuels  used  in  tests. 

PROXIMATE  ANALYSIS  OF  FUEL  AS  FIRED. 


Constituent. 

Pitts- 
burgh 
coal. 

Anthra- 
cite. 

Coke. 

Per  cent. 

2.28 

34.27 

52.63 

10.82 

Per  cent. 
2.76 
5.28 
81.62 
10.34 

Per  cenu 

0.71 

1.42 

81.26 

16.61 

Volatile  matter... 

Fixed  carbon 

Ash 

ULTIMATE  ANALYSIS  OF  DRY  FUEL. 


Hydrogen. 
Carbon.... 
Nitrogen.. 
Oxygen... 
Sulphur.. 

Ash 

B.t.u 


4.99 

2.42 

0.27 

74.98 

83.07 

80.23 

1.38 

.93 

.72 

5.77 

2.10 

.14 

1.81 

.85 

1.91 

11.07 

10.63 

16.73 

13,559 

13,392 

11,635 

METHOD  OF  RUNNING  TESTS. 
DURATION   OF   TESTS. 

The  duration  of  tests  varied  from  1  to  3  hours,  depending  on  the 
rate  of  combustion.  With  low  rates  the  test  was  longer  and  with 
high  rates  it  was  shorter. 

STARTING  AND   CLOSING  TESTS. 

Before  starting  the  test,  the  fuel  bed  was  built  to  the  desired 
thickness  and  the  furnace  was  heated.  This  preparation  usually 
took  20  to  30  minutes.  The  grate  was  then  shaken,  all  the  ash  re- 
moved from  the  ash  box,  and  the  test  was  started. 

The  test  closed  with  the  fuel  bed  of  the  same  thickness  as  it  was 
at  the  start.    The  ash  was  taken  out  of  the  ash  box  and  weighed.    The 
fuel  on  the  grate  was  allowed  to  burn  out  and  the  clinkers  that 
were  left  were  taken  out,  weighed,  and  charged  to  the  test. 
43347°— 16 2 
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CONDITIONS    DURING    THE    TESTS. 

During  the  test  the  thickness  of  the  fuel  bed,  the  rate  of  charging 
the  fuel,  and  the  rate  of  supplying  air  were  kept  uniform.  Fuel 
was  charged  in  equal  quantities  at  intervals  of  1  to  5  minutes.  The 
intervals  were  long  with  low  rates  of  combustion  and  short  with 
high  rates. 

THICKNESS  OF  FUEL  BED. 

The  thickness  of  fuel  bed  was  determined  by  measuring  with  a 
special  hook  the  distance  of  the  surface  of  the  fuel  bed  below  the 
top  of  the  furnace.  The  method  is  illustrated  in  figure  4.  The  de- 
termination was  reliable  to 
within  one-half  inch. 
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METHOD  OF  WEIGHING  FUEL. 

The  fuel  was  placed  in  a 
steel  box  on  a  platform 
scale  and  each  charge  was 
weighed  and  recorded  sep- 
arately. The  time  of  each 
firing  was  also  recorded. 

MEASUREMENT  OF  AIR 
SUPPLY. 

The  air  supplied  through 
the  grate  was  measured 
with  an  orifice  having  an 
edge  one  -  sixteenth  inch 
thick.  The  pressure  drop 
through  the  orifice  was  obtained  with  a  recording  differential  hydro 
gage.  The  gage  magnified  the  pressure  drop  five  times  and  recorded 
it  on  a  rectangular  chart.  The  weight  of  air  was  computed  from 
experimental  values  determined  by  Durley.a 


"ft 


Figure  4. — Method  of  measuring  the  thickness  of 
fuel  bed. 


MEASUREMENT   OF  TEMPERATURES. 

Usually  four  sets  of  temperature  measurements  were  taken  on 
each  test,  one  being  taken  immediately  before  each  of  the  three  sets  of 
gas  samples  and  one  after  the  third  set  of  samples.  The  temperatures 
were  measured  with  a  Wanner  optical  pyrometer  through  the  same 
openings  that  the  gas  samples  were  taken.  Before  the  measurements 
were  made  the  grate  was  shaken  to  remove  excess  ash  from  the  fuel 

a  Durley,  R.  J.,  On  the  measurement  of  air  flowing  into  the  atmosphere  through  circular 
orifices  in  thin  plates  and  under  small  differences  of  pressure:  Trans.  Am.  Soc.  Mech. 
Eng.,  vol.  27,  1906,  p.  193. 
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bed;  the  gas  samplers  were  then  pulled  out  one  by  one  and  the 
temperature  was  measured  by  sighting  the  pyrometer  into  the  small 
tunnels  left  by  the  samplers  in  the  fuel  bed.  In  case  the  small  tunnel 
caved  in  after  the  sampler  was  pulled  out,  the  sampler  was  pushed 
back  into  the  fuel  bed  and  a  new  tunnel  was  made.  To  prevent  the 
gases  from  flowing  out  of  the  furnace  during  the  temperature  meas- 
urement the  opening  was  closed  on  the  outside  with  a  thin,  clear 
glass  plate  and  the  temperature  was  read  through  the  plate.  The 
presence  of  the  glass  did  not  affect  the  temperature  readings  ap- 
preciably. The  temperatures  were  not  taken  simultaneously  at  all 
points,  but  in  rapid  succession,  starting  with  the  hole  nearest  to  the 
grate.  On  the  average  the  readings  at  the  different  holes  were  taken 
about  30  seconds  apart. 

METHOD    OF    SAMPLING    GASES. 

All  gas  samples  in  each  set  were  collected  simultaneously  with 
water-cooled  samplers  inserted  into  the  fuel  bed  at  various  heights 
from  the  grate.  The  gas  was  collected  in  glass  receptacles  over 
mercury.  Usually  three  sets  of  samples  were  collected  during  each 
test  in  order  to  eliminate  the  effect  of  any  irregularities  in  the  fuel 
bed  on  the  composition  of  the  gas  sample.  The  duration  of  collecting 
the  samples  was  three  to  five  minutes.  The  grate  was  shaken  and  the 
temperature  in  the  fuel  bed  was  measured  two  to  five  minutes  before 
each  set  of  samples  was  collected. 

The  general  scheme  of  collecting  a  sample  of  gas  is  shown  dia- 
grammatically  in  figure  5.  The  apparatus  consisted  essentially  of 
a  water-cooled  sampler,  two  wash  bottles  partly  filled  with  water, 
a  gas  container,  and  a  suction  pipe.  These  parts  were  connected 
together  with  J-inch  lead  and  copper  tubing.  A  steam  ejector  kept 
the  pressure  in  the  suction  pipe  reduced  and  caused  a  continuous 
current  of  gas  to  flow  from  the  furnace  through  the  system.  A 
tube  leading  to  the  wash  bottle  extended  below  the  level  of  the 
water  in  the  bottle  so  that  the  flow  of  gas  made  itself  visible  by 
bubbling  through  the  water.  If  for  any  reason  the  flow  of  gas 
stopped,  the  operator  could  notice  it  immediately  by  watching  the 
wash  bottle.  A  part  of  this  current  of  gas,  deflected  at  C ',  was 
made  to  flow  into  the  gas  container  by  allowing  the  mercury  to 
run  out  of  it.  The  gas  collected  in  the  container  constituted  the 
sample  that  was  analyzed.  Before  starting  to  collect  the  gas  the 
air  in  the  tube  leading  to  the  container  was  exhausted  by  opening 
the  pinchcock  A  and  closing  the  pinchcock  B. 

A  U-tube  monometer  was  connected  to  the  suction  pipe  to  indicate 
the  reduction  in  pressure,  thereby  facilitating  the  control  of  the  gas- 
collecting  apparatus. 
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COLLECTION  OF  TAR  AND  SOOT  SAMPLE. 

A  filter  placed  between  the  water-cooled  sampler  and  the  lead- 
pipe  connection  caught  the  tar  and  solid  particles  carried  m  the 
gas,  preventing  them  from  clogging  the  connection. 


a 


Similar  filters  were  used  to  determine  the  amount  of  soot  and 
tar  in  the  gases  in  and  above  the  distillation  zone  of  the  fuel  bed. 
The  filters  were  filled  with  asbestos  fiber  which  had  been  previously 
burned  to  remove  all  combustible  material.  The  fiber  was  packed 
around  a  brass- wire  spring,  shown  in  figure  5,  which  prevented  the 
fiber  from  being  drawn  by  the  moving  gases  to  one  end  of  the 
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filter  tube  and  clogging  it.  When  the  determination  of  soot  and 
tar  was  desired,  a  clean  sampler  was  inserted  into  the  furnace  and 
the  volume  of  gas  drawn  through  the  sampler  and  filter  was  meas- 
ured by  a  gas  meter  placed  between  the  wash  bottle  and  the  suction 
pipe.  After  a  sample  had  been  collected,  the  soot  and  tar  deposited 
in  the  sampler  were  cleaned  out,  and  together  with  the  soot  and  tar 
trapped  in  the  filter  were  considered  a  part  of  the  composite  sample 
of  soot,  tar,  and  gases. 

Three  of  such  soot  and  tar  samples  were  collected  with  the  first 
two  sets  of  gas  samples  on  several  of  the  tests  made  with  Pittsburgh 
coal.  One  of  the  samples  was  collected  1J  inches  below  the  surface, 
one  at  the  surface,  and  one  1J  inches  above  the  surface  of  the  fuel  bed. 

POSITION   OF   SAMPLERS   IN   FURNACE. 

The  samplers  were  inserted  into  the  furnace  through  f-inch  holes 
in  the  furnace  wall  provided  for  the  purpose.  They  were  distributed 
radially  around  the  wall  of  the  furnace  at  vertical  intervals  of  1J 
inches  from  the  grate,  as  shown  in  figure  3 ;  that  is,  the  first  sampler 
was  1^  inches,  the  second  3  inches,  and  the  third  4J  inches  from  the 
grate,  and  so  on.  The  inlets  of  the  samplers  were  placed  1J  inches 
from  the  center  of  the  furnace.  The  object  in  distributing  the 
samplers  radially  was  to  avoid  the  localization  of  the  disturbance 
of  the  fuel  bed  by  the  samplers,  and  to  obtain  more  space  on  the 
outside  of  the  furnace  for  their  manipulation.  With  this  arrange- 
ment the  tendency  for  channels  to  form  in  the  fuel  bed  was  much 
less  than  if  all  the  samplers  had  been  in  one  vertical  plane. 

GAS  SAMPLERS. 

The  construction  of  one  of  the  gas  samplers  is  shown  in  figure  6. 
The  sampler,  which  was  water-cooled  in  order  to  prevent  its  de- 
struction by  heat,  was  made  of  three  thin-wall  copper  tubes  placed 
within  one  another.  The  joint  inserted  into  the  fuel  bed  was 
brazed,  all  other  joints  were  soldered.  The  water  entered  through 
the  middle  tube  which  surrounded  the  smallest  one  used  for  draw- 
ing the  gas  sample,  and  left  through  the  outer  tube.  The  entering 
cold  water  cooled  the  gases  rapidly  as  soon  as  they  entered  the  gas 
tube,  preventing  any  reactions  among  the  gases  or  between  the  gases 
and  the  metal  of  the  sampler,  so  that  the  gases  were  of  the  same 
composition  when  collected  as  they  were  when  in  the  fuel  bed.  The 
gas  tube  was  of  comparatively  large  diameter  to  prevent  stoppage 
by  condensed  tar  and  soot,  a  difficulty  which  was  particularly  liable 
to  occur  in  the  samplers  near  the  surface  of  the  fuel  bed.  Con- 
densed water  vapor  was  carried  with  the  current  of  the  gases  into 
the  filter  attached  to  the  outside  end  of  the  sampler. 
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The  sampler  was  provided  with  a  sleeve  which  fitted  tightly  over 
the  mouth  of  the  sampling  hole  in  the  furnace  wall  and  prevented 
leakage  of  gases  from  the  furnace.  When  the  sampler  was  pulled 
out  of  the  furnace,  in  order  to  take  a  temperature  reading,  a  cap 
fitted  with  a  glass  plate  was  slipped  over  the  projecting  mouth  of  the 
sampling  hole.  This  cap,  shown  in  figure  6,  prevented  leakage  of 
gas  while  the  temperature  reading  was  being  taken. 

GAS-SAMPLE  CONTAINER. 

The  gas-sample  container  served  both  as  part  of  the  sampling 
device  and  as  a  holder  for  the  gas  after  collection.  Figure  5  shows 
a  container  in  upright  position.  It  was  a  glass  vessel  of  about 
150  c.  c.  capacity,  so  constructed  that  the  mercury  flowed  out  under 
a  constant  head.  Inasmuch  as  the  composition  of  the  gas  at  any 
point  was  constantly  changing,  it  was  necessary  to  collect  an  equal 
volume  of  gas  over  equal  periods  of  time  to  obtain  an  average  sample 
at  the  point  of  collection.  As  long  as  the  surface  of  the  mercury 
was  above  the  gas  inlet  an  equal  volume  of  mercury  would  flow  out 
during  each  equal  interval  of  time  and  be  replaced  by  the  same 
volume  of  gas. 

The  period  of  sampling  could  be  regulated  by  controlling  the  flow 
of  mercury  from  the  container.  A  small-bore  capillary  tube  or  a 
glass  tube  drawn  out  to  a  small  tip  and  attached  to  the  outlet  of  the 
container  was  a  satisfactory  means  of  control.  By  this  method  a 
representative  sample  over  a  period  of  5  to  45  minutes  could  be 
collected  in  a  150  c.  c.  container. 

The  vessel  also  served  as  a  safe  and  convenient  holder  for  storing 
the  sample.  The  mercury  formed  a  seal  between  the  gas  and  stop- 
cocks as  long  as  its  level  did  not  fall  below  the  opening  of  the  inner 
tube  or  gas  inlet.  The  seal  prevented  leakage  through  the  stop- 
cocks. All  danger  of  leakage  into  the  container  was  eliminated  by 
placing  the  sample  under  slight  pressure  by  forcing  in  some  mercury 
through  the  gas  inlet  tube.  In  this  manner  a  sample  could  be  stored 
safely. 

For  convenience  and  safety  in  handling  the  glass  vessels  they 
were  mounted  on  portable  wooden  stands,  three  containers  on  each 
stand.     Figure  7  illustrates  the  stand  and  method  of  mounting. 

ANALYSIS  OF  GAS  SAMPLES. 

The  samples  of  gas  were  analyzed  for  C02,  02,  CO,  H2,  CH4,  and 
unsaturated  hydrocarbons.  On  tests  with  coke  and  anthracite  coal 
no  unsaturated  hydrocarbons  were  found,  and  this  determination  was 
omitted  in  the  later  tests  with  these  fuels. 

The  analyses  were  made  with  a  modified  Hempel  apparatus,  the 
gas  being  analyzed  over  mercury.    The  measuring  burette  was  water 
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jacketed  and  provided  with  a  Pettersson  pressure  and  temperature 
compensating  tube.  Determinations  of  H2  and  CH4  were  made  by 
the  slow-combustion  method  with  a  heated  platinum  coil. 
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Figure  7. — Stand  and  three  gas  containers. 


The  determination  of  C02,  02,  unsaturated  hydrocarbons,  and 
small  quantities  of  CO  is  within  +0.1  or  —0.1  per  cent  of  the  volume 
of  the  sample.  With  large  amounts  of  CO,  requiring  more  than  one 
pipette  for  absorption,  and  with  CH4  and  H2,  the  error  may  at  times 
reach  +0.2  or  —0.2  per  cent. 
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DETERMINATION   OF   TAR  AND   SOOT. 

The  tar  was  separated  from  the  soot  by  extraction  with  hot  benzol 
in  Soxhlet  extraction  apparatus.  The  soluble  part  was  considered 
tar  and  the  insoluble  combustible  part  soot.  The  results  are  not 
strictly  accurate,  as  benzol  combines  to  some  extent  with  the  tar, 
forming  insoluble  compounds,  thereby  yielding  low  results  for  tar 
and  high  results  for  soot.a  However,  the  error  from  this  source  is 
not  over  5  per  cent  of  the  tar. 

The  tar  and  soot  deposited  in  the  sampler  and  filter  were  removed 
by  cleaning  thoroughly  with  asbestos  fiber  and  benzol.  The  asbestos 
fiber  from  the  filter  and  that  used  in  cleaning,  which  contained  all 
the  tar  and  soot,  were  placed  in  an  alundum  thimble  and  extracted 
on  a  sand  bath  until  the  benzol  was  colorless.  The  tar,  contained 
in  the  extraction  flask,  was  freed  from  benzol  by  passing  dry  air  at 
room  temperature  through  the  flask  until  the  loss  was  less  than  1 
milligram  on  successive  weighings  one-half  hour  apart.  The  differ- 
ence in  weight  between  the  flask  and  tar  and  the  clean,  dry  flask 
is  the  weight  of  tar.  While  the  tar  was  being  freed  from  benzol 
some  of  the  light  oils  contained  in  it  were  carried  away  with  the 
benzol  and  lost,  but  the  error  from  this  source  is  not  greater  than  2 
per  cent. 

After  extraction,  the  alundum  thimble  containing  the  soot  mixed 
with  asbestos  fiber  was  dried  to  constant  weight  at  105°  to  110°  C, 
and  the  soot  burned  off  in  a  muffle  furnace  at  red  heat.  The  loss  in 
weight  due  to  burning  is  the  amount  of  soot. 

RESULTS  OF  TESTS. 

The  results  of  the  tests  made  on  the  small  furnace  are  given  in 
a  convenient  form  in  Table  1.  The  tests  are  arranged  in  three 
groups,  first,  according  to  the  kind  of  fuel,  and  second,  according  to 
the  thickness  of  fuel  bed.  A  full  explanation  of  each  item  of  the 
table  is  given  in  the  following  paragraphs: 

Column  1  gives  the  serial  number  of  each  test.  Some  of  the  early 
tests  were  not  reliable  in  all  items,  and  therefore  the  results  of  these 
tests  are  not  presented  in  the  table. 

Column  2  gives  the  average  thickness  of  fuel  bed  during  the  test. 

Column  3  gives  the  percentage  of  combustible  in  the  fuel  as  fired. 
In  this  report  the  word  "  combustible  "  means  moisture- free  and  ash- 
free  coal. 

Column  4  gives  the  duration  of  test  in  minutes.  This  duration 
includes  only  the  test  proper  and  does  not  include  the  time  taken  in 
preparing  the  fuel  bed  for  the  test. 

"Weiss,  J.  M.,  Free  carbon,  its  nature  and  determination  in  tar  products:  Jour.  Ind, 
Eng.  Chem.,  vol.  b\   1914,  p.  279. 
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Column  5  gives  the  average  pressure  of  air  in  the  ash  pit  in  inches 
of  water. 

Column  6  gives  the  weight  in  pounds  of  fuel  fired  per  hour. 

Column  7  gives  the  weight  in  pounds  of  combustible  burned  per 
hour.  The  values  given  in  the  table  are  obtained  by  multiplying  the 
value  in  column  6  by  the  value  in  column  3  and  subtracting  from  the 
product  the  combustible  in  refuse  fallen  into  ash  pit. 

Column  8  gives  the  weight  of  air  forced  through  the  fuel  bed  per 
hour  as  measured  with  the  orifice. 

Column  9  gives  the  weight  of  air  forced  through  the  fuel  bed  per 
pound  of  fuel  fired.  The  values  are  obtained  by  dividing  the  values 
in  column  8  by  those  in  column  6. 

Column  10  gives  the  weight  of  air  forced  through  the  fuel  bed  per 
jjound  of  combustible  burned.  The  values  in  this  column  are  ob- 
tained by  dividing  the  values  in  column  8  by  those  in  column  7. 

Column  11  gives  the  location  where  the  samples  of  gas  were  taken. 
The  figures  are  the  vertical  distance,  in  inches,  of  the  place  sampled 
from  the  grate. 

Columns  12  to  19  give  the  average  composition  of  gases  in  the  fuel 
bed.  Each  composition  given  in  the  table  is  the  average  analysis 
of  three  different  samples. 

Column  20  gives  the  weight  of  tar  in  grams  per  cubic  foot  of  gas. 
The  weight  given  in  the  table  is  the  average  of  two  samples  collected 
at  different  periods  of  the  test. 

Column  21  gives  the  weight  of  soot  in  grams  per  cubic  foot  of  gas. 
The  weight  given  in  the  table  is  the  average  of  two  samples  collected 
at  different  periods  of  the  test. 

Column  22  gives  the  temperatures  in  the  fuel  bed  at  the  distances 
from  the  grate  given  in  column  11.  The  temperatures  given  in  the 
table  are  the  averages  of  four  readings  taken  at  different  times. 

Column  23  gives  the  weight  of  air  per  pound  of  combustible  com- 
puted from  the  gas  analysis  at  the  point  given  by  column  11.  The 
weight  was  computed  from  the  following  formula : 


W=3.03C 


C02+CO+CH4+n(CnH2n) 


In  the  formula  C  is  the  percentage  of  carbon  in  the  combustible, 
and  N2,  C02,  CO,  CH4,  and  CnH2n  are  the  percentages  of  these  con- 
stituents in  the  gases. 
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38  COMBUSTION    IN    BED    OF    HAND-FIRED    FURNACES. 

DISCUSSION  OF  RESULTS   OF  TESTS. 

The  results  of  the  tests  made  with  the  experimental  furnace  can  be 
studied  best  by  means  of  charts.  For  this  purpose  the  charts  given 
in  figures  8  to  18  have  been  prepared.  The  notation  and  the  legend  at 
the  bottom  of  each  chart  give  complete  information  as  to  what  the 
chart  contains,  so  that  each  one  can  be  studied  without  reference  to 

COMPOSITION  OF  GASES  IN  THE  FUEL  BED. 

Figures  8  to  13,  inclusive,  show  the  composition  of  gases  and  the 
temperature  at  various  depths  in  the  fuel  bed.  The  gases  02  and 
C02  are  represented  by  their  chemical  symbols.  The  "total  com- 
bustible" curve  shows  the  sum  of  the  percentages  of  total  gaseous 
combustible  (CO+CH4-j-H2-f unsaturated  hydrocarbons).  The  im- 
portant fact  shown  by  the  charts  is  that  with  a  6-inch  bed  of  Pitts- 
burgh or  anthracite  coal  the  oxygen  is  all  used  up  in  combustion  at  a 
distance  of  3  to  4^  inches  above  the  grate.  The  C02  content  reaches 
a  maximum  of  about  15  per  cent  at  a  distance  of  2  to  3  inches  above 
the  grate  and  then  decreases  until  at  the  surface  of  the  fuel  bed  it  is 
7  to  10  per  cent.  The  percentage  of  combustible  in  the  gases  in- 
creases rapidly  beyond  3  inches  above  the  grate.  At  the  surface  of 
the  fuel  bed  there  is  20  to  32  per  cent  of  combustible  in  the  gases, 
and  practically  no  oxygen.  The  temperatures  vary  from  1,120  to 
1,500°  C.  (2,012  to  2,732°  F.).  The  maximum  temperature  is  at 
about  the  samejieight  in  the  fuel  bed  as  the  maximum  percentage 
of  C02. 

With  12-inch  beds  of  all  three  fuels  and  with  a  6-inch  bed  of  coke, 
all  of  the  oxygen  disappears  4J  to  6  inches  above  the  grate.  The 
points  of  maximum  C02  content  and  maximum  temperature  are  also 
somewhat  higher  from  the  grate  in  the  coke  fuel  bed  than  in  the 
6-inch  fuel  beds  with  Pittsburgh  and  anthracite  coal.  However,  in 
all  the  tests  there  was  at  the  surface  of  the  fuel  bed  a  large  per- 
centage of  combustible  gas  and  no  oxygen  to  burn  it,  showing  that 
the  fuel  bed  of  any  hand-fired  furnace  acts  primarily  as  a  gas  pro- 
ducer. In  many  tests  the  gas  at  the  surface  of  the  fuel  bed  would  be 
considered  a  fairly  good  grade  of  producer  gas. 

The  irregularities  in  the  curves  for  the  tests  made  at  high  rates  of 
combustion  are  due  to  cavities  formed  in  the  fuel  bed.  The  narrow 
space  between  opposite  walls  of  the  furnace  caused  the  fuel  to  bridge 
over.  In  addition  to  this  the  gas  samplers,  which  were  inserted  ra- 
dially, formed  a  support  for  the  fuel  and  prevented  it  from  sliding 
down  easily.  Thus  cavities  were  formed  in  the  fuel  bed  which 
allowed  the  air  to  penetrate  a  greater  distance  above  the  grate  before 
the  oxygen  was  used  up  in  combustion.  With  high  rates  of  combus- 
tion the  fuel  under  the  samplers  burned  out  so  fast  that  even  frequent 
poking  could  not  prevent  the  formation  of  cavities. 
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Figure  8.     Composition  of  gases  and  temperature  in  8  inch  fuel  bed  <>f  Pittsburgh  Mtui 
nous  coal  In  a  small  hand-fired  experimental   furnace,     Rates  of  combustion,  20.5,  •' 

47.r>,  7i».  n>:;.  and  1 24  pounds  of  fuel  per  Bquari   fool  of  grate  per  bour, 
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Figure  9. — Composition  of  gases  and  temperature  in  12-inch  fuel  bed  of  Pittsburgh  coal  in 
a  small  hand-fired  experimental  furnace.  Rates  of  combustion,  21,  53,  67,  103,  131,  and 
185  pounds  of  fuel  per  square  foot  of  grate  per  hour. 
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Figure  10. — Composition  of  prases  and  temperature  in  6-inch  fuel  bed  of  anthracite  coal 
in  a  small  hand-fired  experimental  furnace.  Hates  of  combustion,  20,  40,  60,  74,  and 
100  pounds  of  fuel  per  square  foot  of  grate  per  hour. 
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FIGURE  11. — Composition  of  gases  and  temperature  in  12-inch  fuel  bed  of  anthracite  coal 
in  a  small  hand-fired  experimental  furnace.  Rates  of  combustion,  20,  40,  60,  78,  and  100 
pounds  of  fuel  per  square  foot  of  grate  per  hour. 
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Figure  12.—  Composition  of  gases  and  temperature  In  6-inch  fuoi  bed  of  coke  In  a  small 
hand-fired  experimental  furnace.  Bates  of  combustion,  20,  88,  51,  71,  and  106  pounds 
of  fuel  per  square  foot  of  grate  per  hour. 
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Figure  13. — Composition  of  gases  and  temperature  in  12-inch  fuel  bed  of  coke  in  a  small 
hand-fired  experimental  furnace.  Rates  of  combustion,  19.7,  41,  81,  104,  and  118.6 
pounds  per  square  foot  of  grate  per  hour. 
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At  the  surface  of  the  fuel  bed  and  1J  inches  above  it  the  gases  con- 
tained more  oxygen,  more  C02,  and  less  combustible  than  1|  inches 
below  the  surface.  This  change  in  the  composition  of  the  gases  was 
caused  by  air  reaching  the  surface  of  the  fuel  bed  from  above,  along 
the  walls  of  the  furnace,  as  shown  in  figure  14. 

The  effect  of  this  downflow  of  air  was  much  more  marked  with 
low  rates  of  combustion  than  with  high  rates,  because  with  the  high 
rates  the  large  volume  of  gases  leaving  the  fuel  bed  more  nearly  filled 
the  space  above  it  and  prevented 
the  air  from  flowing  down. 

EFFECT     OF     ASH     CONTEXT     AND     ITS    DIS- 
TRIBUTION. 

The  fact  that  with  coke  the 
oxygen  does  not  disappear  as 
quickly  as  with  Pittsburgh  and 
anthracite  coal  is  probably  caused 
by  the  higher  percentage  of  ash 
in  coke  and  its  uniform  distri- 
bution through  the  combustible. 
The  ash  in  coal  is  not  uniformly 
distributed,  but  is  more  or  less 
concentrated  in  spots.  On  ac- 
count of  this  partial  concentra- 
tion the  ash  in  coal  is  probably 
more  easily  separated  out  of  the 
fuel  bed  and  shaken  through  the 
grate,  so  that  the  layers  of  fuel 
near  the  grate  contain  less  ash 
and  consequently  use  up  more 
oxygen  than  when  coke  is  used. 

THE  THREE  COMBUSTION  PROCESSES.    Figure  14.— Air  flowing  to  the  surface  of 

fuel    bed    from    top    of    furnace.      The 
It  appears  from  figures  8  to  13         downward    flow    of    air   was    distinctly 

that  the  combustion  in  the  fuel  noticeable  with  low  rates  *  combustion. 
bed  consists  mainly  of  three  processes,  namely,  the  oxidation  of  car- 
bon to  COo,  the  reduction  of  C02  to  CO,  and  the  distillation  of  the 
volatile  matter.  Although  with  coke  and  anthracite  coal  the  distilla- 
tion process  is  unimportant,  with  bituminous  coal  it  is  of  great 
significance.  The  combustion  is  the  result  of  contact  of  two  streams 
flowing  in  opposite  directions.  One  of  the  streams  is  the  air  flowing 
up  through  the  grate,  the  other  is  the  fuel  which  is  fed  from  the  top 
and  gradually  sinks  toward  the  grate.     At  the  bottom  of  the  fuel  bed, 
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where  the  air  first  comes  in  contact  with  the  coal,  the  air  contains 
21  per  cent  of  oxygen  and  the  fuel  bed  but  little  combustible.  On 
the  other  hand,  at  the  top  of  the  fuel  bed  there  is  practically  no 
oxygen  and  a  high  percentage  of  combustible. 

OXIDIZING  ZONE  AND  KATE  OF  OXIDATION. 

As  the  air  passes  up  through  the  layer  of  fuel  next  to  the  grate 
the  oxygen  in  it  combines  with  the  carbon  of  the  coal.  This  reaction 
is  expressed  by  the  chemical  equation  C+02=C02.  As  the  air 
passes  through  this  layer  the  free  oxygen  rapidly  diminishes  and  the 
C02  rises  to  its  maximum  content  of  12  to  18  per  cent,  as  shown  in 
figures  8  to  13.  The  layer  where  C02  is  formed  is  the  oxidizing  zone. 
In  a  6-inch  bed  of  bituminous  coal  this  layer  is  2  to  3  inches  thick ;  in 
a  12-inch  bed  of  coke  it  may  be  4  or  5  inches  thick. 

The  rate  of  oxidation  in  the  lower  part  of  the  fuel  bed  depends 
almost  entirely  on  the  rate  at  which  air  flows  through  it.  The 
greater  the  quantity  of  air  that  is  forced  through  the  fuel  bed  the 
faster  the  coal  is  oxidized  or  burned. 

REDUCING    ZONE    AND    EATE    OF    REDUCTION. 

When  the  free  oxygen  is  all  used  up,  the  C02  acts  as  an  oxidizing 
agent,  and  by  contact  with  the  hot  coal  is  reduced  to  CO.  This  reac- 
tion is  expressed  by  the  equation  C02+C=2CO.  The  layer  in  the 
fuel  bed  where  this  process  takes  place  is  the  reducing  zone ;  it  begins 
2  to  3  inches  above  the  grate  and  extends  to  the  top  of  the  fuel  bed. 

The  rate  of  reduction  of  C02  to  CO  depends  on  the  temperature 
of  the  fuel  bed.  The  higher  the  temperature  the  faster  the  C02  is  re- 
duced to  CO.  The  percentage  of  C02  that  is  reduced  to  CO  at 
any  given  temperature  depends,  up  to  a  certain  limit,  on  the  length 
of  time  that  the  C02  is  in  contact  with  the  hot  carbon.  The  longer 
the  contact  the  larger  is  the  percentage  of  C02  reduced  to  CO.  The 
limit  of  reduction  is  the  equilibrium  between  C02,  CO,  and  carbon  at 
the  temperature  existing  in  the  fuel  bed.  Beyond  this  limit  the  per- 
centage of  C02  does  not  change,  no  matter  how  long  the  time  of 
contact  is. 

At  the  high  temperature  existing  in  the  fuel  bed  the  reduction  of 
C02  to  CO  is  a  rapid  process,  so  that  even  during  the  short  contact 
of  C02  and  hot  carbon  a  considerable  percentage  of  the  C02  is 
reduced. 

The  rate  of  reduction  of  C02  to  CO  has  been  investigated  by 
Clement,  Adams,  and  Haskins.a  Figure  15,  which  has  been  com- 
piled from  the  results  of  their  investigations,  shows  the  effect  of 
temperature  and  time  of  contact  on  the  percentage  of  CO  formed 
when  C02  is  in  contact  with  hot  coke. 

a  Clement,  .7.  K.,  Adams,  L.  II.,  and  Ilaskins,  C.  N„  Essential  factors  in  the  formation  of 
producer  gas  :  Bull.  7,  Bureau  of  Mines,  1911,  58  pp. 
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The  curves  show  that  with  low  temperatures  the  percentage  of 
CO  formed  is  low,  even  though  the  time  of  contact  is  long;  and  that 
with  high  temperatures  a  large  percentage  of  CO  is  formed  in  a  very 
short  time  of  contact.  Thus,  for  example,  with  the  temperature  at 
1,832°  F.,  and  after  the  gas  had  been  in  contact  with  the  coke  50 
seconds,  the  gas  consisted  of  62  per  cent  of  CO  and  38  per  cent 
of  C02.  However,  when  the  temperature  of  the  coke  was  2,372°  F., 
the  gas,  after  a  contact  of  only  4  seconds,  analyzed  98  per  cent  of  CO 
and  2  per  cent  of  C02.  Inasmuch  as  the  temperature  of  the  fuel  bed 
in  a  hand-fired  furnace  is  about  2,400°  F.,  the  reduction  of  C02  is 
very  rapid,  so  that  a  large  percentage  is  reduced  to  CO  although  the 
time  of  contact  is  only  a  fraction  of  a  second. 

DISTILLATION   ZONE  AND  RATE   OF   DISTILLATION. 

The  layer  at  the  top  of  the  fuel  bed  consists  mostly  of  fresh  fuel 
which  is  being  heated  and  from  which  the  volatile  matter  is  being 
driven  off.  This  layer  is  the  distillation  zone.  It  overlaps  the 
reduction  zone  and  extends  about  2  inches  below  the  surface  of  the 
fuel  bed.  The  process  of  distillation  is  indicated  by  the  occurrence 
of  H2,  CH4,  unsaturated  hydrocarbons,  and  tar  and  soot  in  the  gases. 

There  is  no  sharp  line  of  demarcation  between  the  three  zones,  they 
pass  gradually  from  one  into  the  other.  This  is  particularly  true 
of  the  reduction  and  the  distillation  zones.  The  process  of  reduction 
continues  almost  to  the  surface  of  the  fuel  bed,  and  takes  place  with 
the  distillation. 

The  rate  of  distillation  depends  on  the  rate  of  heating  of  the  coal. 
The  higher  the  temperature  in  the  furnace,  the  higher  the  rate  of 
heating  of  the  freshly  fired  coal  and  the  higher  is  the  rate  of  distil- 
lation of  volatile  matter. 

With  a  given  temperature  the  distillation  is  independent  of  the  air 
supply,  as  when  coal  is  heated  the  volatile  matter  distills  off  whether 
air  is  supplied  or  not.  In  a  gas  retort  all  the  volatile  matter  in  the 
charge  is  distilled  off  in  complete  absence  of  air.  On  the  other  hand 
fixed  carbon  in  a  fuel  bed  can  not  be  burned  to  C02  or  gasified  to 
CO  without  air  being  supplied  through  the  grate.  This  is  an  im- 
portant fact  to  be  considered  in  combustion  of  coal  in  hand-fired 
furnaces.  When  the  supply  of  air  through  the  fuel  bed  is  shut  off 
by  clinker  or  ash  on  the  grate,  the  combustion  of  the  fixed  carbon 
stops.  If,  under  such  conditions,  the  coal  is  fed  into  the  furnace 
with  undiminished  rate,  only  the  volatile  matter  is  distilled  off  and 
burns  in  the  combustion  space  with  the  air  supplied  over  the  fuel  bed, 
while  the  fixed  carbon  accumulates  in  the  fuel  bed,  thus  rapidly  in- 
creasing its  thickness. 

COMBUSTIBLE  LEAVING  FUEL  BED  IN  THE  FORM  OF  SOOT  AND  TAR. 

Not  all  the  combustible  leaves  the  fuel  bed  in  the  form  of  gas; 
some  of  it  leaves  in  the  form  of  soot,  tar,  and  cinders.    The  weight 
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of  soot  and  tar  has  been  determined  on  eight  tests  with  Pittsburgh 
coal  and  is  given  in  columns  20  and  21  of  Table  1  in  grams  per  cubic 
foot  of  gas.  To  facilitate  comparison  of  the  weight  of  soot  and 
tar  with  that  of  the  gaseous  combustible,  the  results  of  the  analyses 
of  the  gases  were  reduced  to  grams  per  cubic  foot  of  gas.  These 
weights  of  the  different  combustible  ingredients  are  given  in  Table  2. 

Column  14  gives  the  combined  weight  of  tar  and  soot  in  percentage 
of  total  combustible,  including  C  in  CO,  CH4,  H2,  C2H4,  tar  and  soot. 
As  shown  by  this  column,  the  tar  and  soot  comprises,  roughly,  about 
one-fourth  of  the  combustible  rising  from  the  fuel  bed.  This  one- 
fourth  of  the  combustible  is  in  a  form  which  is  difficult  to  burn  in 
the  combustion  space,  and  if  no  provision  is  made  for  its  combustion 
a  large  part  of  it  may  go  out  of  the  chimney  in  the  form  of  black 
smoke.  It  appears  that  smoke  is  formed  near  the  surface  of  the  fuel 
bed  and  goes  out  of  the  chimney  because  the  air  supply  or  the  mixing 
or  the  size  of  the  combustion  space  is  inadequate  for  its  combustion. 
It  may  be  said,  therefore,  that  in  the  extreme  case  about  25  per  cent 
by  weight  of  the  combustible  fired  may  go  out  of  the  chimney  as 
black  smoke. 

It  is  possible  that  a  large  part  of  the  volatile  matter  leaves  the 
coal  as  tar,  and  that  the  tar  immediately  begins  to  break  down  into 
gaseous  hydrocarbons  and  soot.  Columns  10  and  11  of  Table  2  show 
that  near  the  surface  of  the  fuel  bed  the  weight  of  tar  is  about  equal 
to  the  weight  of  soot.  Extractions  made  on  smoke  collected  from  the 
chimney  of  a  hand-fired  horizontal  tubular  boiler  showed  only  3  to  6 
per  cent  of  tar.  This  small  percentage  of  tar  in  the  chimney  smoke 
as  compared  to  that  found  at  the  surface  of  the  fuel  bed  indicates  the 
decomposition  of  the  tar  into  gases  and  soot  as  it  passes  through 
the  furnace. 

TEMPERATURE  IN  FUEL  BED. 

The  temperatures  in  the  different  layers  of  the  fuel  bed  are  given 
by  the  top  curves  of  figures  8  to  13,  inclusive,  along  with  the  curves 
giving  the  composition  of  gases  in  the  same  layers.  The  tempera- 
tures as  given  in  the  charts  are  probably  correct  within  25°  C.  The 
glass  plate  which  was  placed  over  the  observation  holes  when  tem- 
peratures were  being  read  was  a  microscope  slide  less  than  one  thirty- 
second  of  an  inch  thick.  By  sighting  the  pyrometer  on  a  frosted 
tungsten  lamp  no  difference  could  be  detected  with  the  slide  in  and 
out.  The  slide  was  readily  removable  from  the  cap  and  was  fre- 
quently cleaned  during  temperature  observations.  No  corrections 
were  therefore  made  for  the  plate.  The  estimated  probable  error  of 
25°  C.  is  ascribed  to  the  rapidly  changing  temperature  in  the  little 
tunnel  in  the  fuel  bed. 
43347°— 1G 4 
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In  general,  the  temperature  is  highest  between  the  oxidizing  and  the 
reducing  zone,  approximately  at  the  point  of  maximum  C02  content 
in  the  gases.  Farther  away  from  the  grate  in  the  reducing  zone  the 
temperature  gradually  drops.  This  gradual  drop  is  undoubtedly  due 
to  the  reduction  of  C02,  which  is  a  heat  absorbing  process. 

EFFECT   OF   RATE   OF   FEEDING   AIR  ON    THE   PROCESS    OF    COMBUSTION. 

Within  wide  limits  the  rate  of  feeding  air  has  practically  no  effect 
on  the  composition  of  gases  within  the  fuel  bed;  that  is,  the  com- 
position of  the  gases  at  various  depths  in  the  fuel  bed  remains 
nearly  the  same  no  matter  how  much  air  is  forced  through  the  fuel 
bed.  This  is  particularly  true  of  the  gases  near  the  surface  of  the 
fuel  bed.  Comparison  of  the  curves  in  figures  8  to  13  makes  this 
fact  apparent.  All  rates  of  combustion  show  that  in  the  upper 
layers  of  the  fuel  bed  there  is  20  to  32  per  cent  of  combustible  gases 
with  no  free  oxygen  to  burn  it;  that  is,  the  free  oxygen  is  all  used 
up  before  the  air  reaches  the  top  of  the  fuel  bed  no  matter  how  fast 
the  air  is  blown  through. 

RATE  OF   FEEDING  AIE  DETERMINES   RATE   OF   COMBUSTION. 

The  rate  of  feeding  air  through  the  fuel  bed  affects  directly  the 
rate  of  combustion ;  that  is,  if  the  weight  of  air  forced  through  the 
fuel  bed  in  a  given  time  is  doubled,  the  rate  of  combustion  of  the 
fuel  is  doubled;  if  the  weight  of  air  is  tripled,  the  rate  of  com- 
bustion is  also  tripled,  and  so  on.  In  other  words,  the  weight  of 
air  forced  through  the  fuel  bed  per  pound  of  fuel  burned  or  gasified 
is  constant,  as  is  shown  by  the  curves  in  figures  16  and  17. 

In  these  curves  the  ratio  of  pounds  of  air  used  per  pound  of  fuel 
is  plotted  with  the  rate  of  combustion.  Two  curves  were  plotted — 
the  lower  curve  gives  the  pounds  of  air  used  per  pound  of  fuel  as 
fired,  the  upper  curve  the  pounds  of  air  used  per  pound  of  com- 
bustible. The  two  figures  show  that  with  am^  one  fuel  and  any  one 
thickness  of  fuel  bed  the  points  fall  on  a  horizontal  line  of  constant 
air  supply:  that  is,  the  rate  of  combustion  varies  directly  with  the 
rate  of  feeding  air  through  the  grate.  By  increasing  the  rate  of 
feeding  air  only  the  rate  of  combustion  is  increased  and  not  the 
weight  of  air  used  per  pound  of  combustible.  It  is  therefore  im- 
possible to  regulate  the  excess  of  air  in  any  hand-fired  furnace  by 
increasing  or  decreasing  the  flow  of  air  through  a  level  fuel  bed; 
only  the  rate  of  combustion  can  be  controlled  thereby. 

FOR    COMPLETE    COMBUSTION     All?     MUST    BE    ADDED    OVER    FUEL    BED. 

As  the  gases  rising  from  the  fuel  bed  contain  a  high  percentage 
of  combustible  and  no  free  oxygen,  and  as  the  air  supply  per  pound 
of  fuel  can  not  be  increased  by  increasing  the  rate  of  air  supply 
through  the  fuel  bed,  it  is  apparent  that  to  obtain  complete  coin- 
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bustion  some  air  must  be  added  over  the  fuel  bed.  Thus  the  per- 
centage of  C02  in  the  gases  in  any  hand-fired  furnace  can  be  con- 
trolled only  by  regulating  the  supply  of  air  admitted  over  the  fuel  ■ 
bed.  This  fact  and  the  one  stated  in  last  paragraph,  namely,  that 
by  increasing  the  rate  of  feeding  air  through  the  fuel  bed  only  the 
rate  of  combustion  is  increased,  are  important  in  the  operation  of 
hand-fired  and  some  other  types  of  furnaces. 
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Figure  16.— Relation  between  the  rate  of  combustion  and  pounds  of  air  used  per  pound  of 
fuel  and  combustible  in  6-inch  fuel  bed.  The  upper  curve  of  each  pair  gives  the  pounds 
of  air  per  pound  of  combustible ;  the  lower  curve,  pounds  of  air  per  pound  of  fuel  as 
fired.    The  weight  of  air  was  obtained  by  measuring  it  with  an  orifice  box. 

It  is  well  to  state  in  this  connection  that  forced-draft  apparatus 
can  not  supply  enough  air  through  a  level  fuel  bed  to  insure  complete 
combustion.  Additional  air  must  always  be  introduced  over  the  fire 
in  such  a  manner  that  it  will  mix  with  the  combustible  gases,  other- 
wise a  large  percentage  of  them  escapes  unburned. 

Many  a  careful  fireman  has  noticed  that  he  makes  less  smoke  and 
burns  less  coal  if  he  keeps  the  dampers  in  the  firing  door  open  than 
when  he  keeps  them  shut  tight.     Frequently  leaving  the  fire  doors 
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partly  open  is  found  helpful  in  reducing  the  smoke  to  a  great  extent 
and  results  in  saving  coal.  In  some  installations  special  openings  are 
provided  either  in  the  front  of  the  furnace  or  through  the  bridge 
wall  for  the  introduction  of  air  over  or  beyond  the  fuel  bed.  Partly 
open  firing  doors,  or  special  openings  in  the  furnace,  supply  addi- 
tional air  which  burns  the  combustible  gases  rising  from  the  fuel  bed. 
The  admission  of  air  can  be  regulated  to  suit  the  rate  of  combustion 
and  at  the  same  time  maintain  efficient  burning  of  coal. 
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Figure  17. — Relation  between  the  rate  of  combustion  and  pounds  of  air  used  per  pound  of 
fuel  and  combustible  in  a  12-inch  fuel  bed.  The  upper  curve  of  each  pair  gives  the 
pounds  of  air  per  pound  of  combustible  ;  the  lower  curve,  pounds  of  air  per  pound  of 
fuel  as  fired.     The  weight  of  air  was  obtained  by  measuring  it  with  an  orifice  box. 


ADDITIONAL     AIR    ADMITTED    THROUGH     HOLES    IX     EIRES     AND     LEAKS     IN 

FURNACE. 

With  a  level  fuel  bed  and  an  absolutely  tight  furnace  perfect  com- 
bustion would  be  impossible  even  when  burning  anthracite  coal  or 
coke.  However,  such  conditions  are  seldom  or  never  found  in  prac- 
tice. The  firing  may  be  done  so  poorly  that  there  are  thin  spots  or 
holes  in  the  fuel  bed  a  large  part  of  the  time.     Through  these  holes 
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air  may  enter  the  furnace  in  sufficient  volume  not  only  to  make  com- 
plete combustion  possible,  but  often  to  raise  the  supply  of  air  far  be- 
yond the  most  economical  quantity,  and  cause  excessive  chimney 
losses. 

The  fire  doors  never  fit  tight,  neither  are  the  brick  furnace  walls 
free  from  leaks,  so  that  in  some  cases  the  leakage  around  the  furnace 
doors  and  through  the  brickwork  is  far  more  than  enough  for  com- 
plete combustion.  Thus  careless  firing  and  a  neglected  boiler  fur- 
nace and  setting  may  cause  the  addition  of  air  over  the  fuel  bed  to 
appear  unnecessary. 

ADMISSION    OF    AIR   THROUGH    HOLES    IN    FIRES    AND    LEAKS    IN    FURNACE 

UNDESIRABLE. 

From  what  has  been  said  in  the  last  paragraph  it  might  seem  that 
careless  firing  resulting  in  holes  in  the  fire,  or  a  leaky  furnace  and 
setting,  were  desirable  features  as  they  introduce  additional  air  over 
the  fuel  bed  and  thus  to  some  extent  aid  complete  combustion.  How- 
ever, holes  in  the  fire  and  leaks  in  the  furnace  are  most  undesirable 
methods  of  introducing  air  into  furnaces  and  deserve  condemnation, 
as  the  amount  of  air  introduced  into  the  furnace  can  not  be  regu- 
lated to  suit  the  requirements. 

The  holes  in  the  fire  are  small  immediately  after  the  firing  and 
grow  larger  as  the  coal  burns  out.  Thus  when  large  volumes  of 
volatile  combustible  are  rising  from  the  fuel  bed  immediately  after 
firing  and  when  a  large  amount  of  air  is  needed  the  quantity  of  air 
admitted  is  small.  As  the  coal  burns  out  and  the  holes  become  larger, 
more  air  is  admitted  into  the  furnace.  At  the  same  time  the  volume 
of  combustible  gases  rising  from  the  fuel  bed  becomes  smaller; 
first,  because  the  greater  part  of  the  volatile  matter  has  already  been 
driven  off,  and,  second,  because  holes  in  the  fire  reduce  the  pressure 
drop  from  the  ash  pit  to  the  furnace,  thereby  decreasing  the  flow  of 
air  through  the  covered  part  of  the  grate,  with  the  result  that  less 
fuel  is  gasified  than  with  no  holes  in  the  fire.  Therefore,  less  air  is 
needed  to  burn  this  smaller  volume  of  combustible  gases,  so  that  the 
quantity  of  air  flowing  into  the  furnace  through  the  holes  in  the  fire 
is  far  in  excess  of  the  amount  actually  needed  for  complete  com- 
bustion. Thus  when  air  is  introduced  through  holes  in  the  fuel  bed 
there  is  incomplete  combustion  owing  to  insufficient  air  at  one  time 
and  entirely  too  large  an  excess  of  air  shortly  afterwards. 

The  leakage  of  air  into  the  furnace  increases  as  the  draft  becomes 
higher,  and  the  draft  in  the  furnace  increases  as  the  clinker  accumu- 
lates on  the  grate,  or  as  the  fuel  bed  through  any  cause  becomes 
thicker.  Clinker  on  the  grate  and  thick  fires  also  reduce  the  flow  of 
air  through  the  fuel  bed,  thereby  reducing  the  rate  of  combustion 
or  gasification  of  the  fuel  on  the  grate.     Thus  with  clinker  on  the 
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grate  or  thick  fires  there  is  a  large  amount  of  air  leaking  into  the 
furnace  when  a  small  volume  of  combustible  gases  is  being  gener- 
ated, and  not  enough  air  when  the  fuel  bed  is  clean  and  thin  and  a 
large  volume  of  combustible  gas  is  being  generated.  For  these 
reasons  admission  of  air  into  the  furnace  through  leaks  in  the  furnace 
walls  is  undesirable  and  should  be  avoided. 

The  ideal  way  to  supply  additional  air  over  the  fuel  bed  is  to 
introduce  it  as  close  to  the  fuel  bed  and  in  as  large  a  number  of  small 
streams  as  possible.  The  nearer  the  air  is  introduced  to  the  surface 
of  the  fuel  bed,  the  more  combustion  space  is  utilized  for  mixing  air 
with  the  combustible  gases  and  for  burning  the  mixture.  A  large 
number  of  small  streams  of  air  entering  the  furnace  facilitates  mix- 
ing the  air  with  the  combustible  gases,  particularly  if  it  is  forced  in 
at  high  velocity.  When  the  air  is  introduced  in  one  large  stream 
at  low  velocity  it  tends  to  flow  parallel  to  the  stream  of  combustible 
gases  without  mixing  with  them,  thus  causing  slow  combustion.  The 
rate  of  mixing  determines  the  rapidity  of  combustion  of  the  com- 
bustible gases.  With  a  perfect  mixture  and  the  usual  furnace  temper- 
ature the  velocity  of  combustion  is  very  great  indeed,  so  that  the  com- 
bustion is  almost  of  the  nature  of  an  explosion. 

RELATION    BETWEEN    PRESSURE    DROP    THROUGH    FUEL    BED    AND    RATE    OF 

COMBUSTION. 

The  relation  between  the  pressure  drop  through  the  fuel  bed  and 
the  rate  at  Avhich  air  flows  through  the  beds  of  the  three  fuels  is 
shown  by  the  curves  in  figure  18.  The  ordinate  is  the  pressure  in 
the  ash  pit  which  is  nearly  the  same  as  the  pressure  drop  through 
the  fuel  bed,  the  pressure  above  the  fuel  bed  being  nearly  atmos- 
pheric. The  abscissa  is  the  weight  of  air  in  pounds  flowing  through 
the  fuel  bed  per  hour  as  measured  by  the  orifice.  This  flow  of  air 
is  directly  proportional  to  the  rate  of  combustion. 

The  two  thicknesses  of  fuel  beds  used.  G  inches  and  1*2  inches,  make 
two  separate  groups  of  points,  each  lying  on  a  curve  having  a  para- 
bolic shape,  and  represented  by  the  following  equation: 

AVn=  CP 

W  =  weight  of  air  passing  through  fuel  bed. 

C    =a   constant. 

P   =  pressure  drop  through  fuel  bod. 

However,  the  index  of  the  power  n  is  not  equal  to  2  but  only  to 
about  1.7.  In  figure  18  the  smooth  curves  are  the  graphs  of  the 
above  equation  where  n  equals  1.7.  The  points  representing  the 
tests  fall  reasonably  close  to  these  smooth  curves. 

The  fact  that  the  points  lie  on  both  sides  of  the  smooth  curve  can 
be  accounted   for  by  the   varying  condition  of  the   fuel   bed   owing 
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to  accumulation  of  clinker  and  ash.     The  presence  of  clinker  and 
ash  in  the  fuel  bed  greatly  affects  its  resistance  to  flow  of  air,  thereby 
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Figure  18. — Relation  between  the  pressure  in  the  ash  pit  (apparent  pressure  drop  through 
fuel  bed)  and  the  weight  of  air  flowing  through  fuel  bed.  The  weight  of  air  was  deter- 
mined with  an  orifice  box. 


also  affecting  the  pressure  drop  through  the  fuel  bed.  This  varia- 
tion in  the  clinker  and  ash  content  of  the  fuel  bed  was  difficult  to 
eliminate. 
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It  is  usually  stated  that  the  pressure  drop  through  the  fuel  bed 
varies  as  the  square  of  the  weight  of  air  passing  through  it ;  or,  that 
the  weight  of  air  passing  through  the  fuel  bed  varies  as  the  square 
root  of  the  pressure  drop.  According  to  figure  18  such  rules  are  only 
approximate,  but  can  be  used  safely  in  figuring  the  rate  of  com- 
bustion from  pressure  drops;  that  is,  the  actual  rate  of  combustion 
is  somewhat  higher  than  the  values  computed  on  the  basis  of  squares 
or  square  roots. 

EFFECT  OF   NATURE  OF  COAL  ON  PRESSURE  DROP  THROUGH  FUEL  BED. 

Comparison  of  the  pressure  drops  through  the  fuel  bed  for  the 
three  fuels  shows  that  with  the  anthracite  coal  used  the  pressure 
drop  is  higher  than  with  either  the  Pittsburgh  coal  or  the  coke.  This 
means  that  the  resistance  to  the  flow  of  air  through  anthracite  is 
higher.  The  cause  of  this  higher  resistance  is  difficult  to  explain.  It 
is  probably  due  to  the  fact  that  the  anthracite  coal  cracked  or  popped 
when  heated.  Small  pieces  one-quarter  to  one-half  inch  across, 
cracked  off  and  filled  the  voids  between  the  larger  pieces,  thus  in- 
creasing the  resistance  to  the  flow  of  air  through  the  fuel  bed. 

The  pressure  drops  with  the  Pittsburgh  coal  and  with  the  coke 
show  no  appreciable  difference.  Evidently  the  two  fuels  act  simi- 
larly when  heated,  as  far  as  change  in  shape  and  physical  structure 
are  concerned. 

That  the  nature  of  coal  may  have  a  very  marked  effect  on  the 
resistance  of  the  fuel  bed  to  the  flow  of  air  through  it  is  indicated 
by  Plate  II.  The  plate  shows  four  pieces  of  Pittsburgh  coal  {PI  to 
PJf)  and  four  of  Alaska  Bering  River  coal  {Al  to  Aj)  after  they 
had  been  heated  in  a  furnace  at  1500°  F.  until  the  volatile  matter 
was  driven  off.  Both  pieces  PI  and  Al  were  originally  one-inch 
cubes  like  the  one  shown  between  the  two  pieces  and  marked  1.  The 
pieces  P2,  P3,  A%,  and  A3  were  originally  three-fourths  inch  cubes 
like  the  one  shown  in  the  center  of  the  plate  and  marked  2.  Figures 
P4>  and  A4-  show  slack  coal  subjected  to  the  same  treatment  as  the 
cubes.  The  plate  shows  that  the  behavior  of  the  two  coals  is  vastly 
different.  The  Pittsburgh  coal  when  heated  practically  retains  its 
original  size  and  shape,  whereas  the  Alaska  coal  runs  into  fingers 
and  expands  in  volume.  This  fingering  and  swelling  of  the  Alaska 
coal  may  change  very  much  the  resistance  of  the  fuel  bed.  It  would 
seem  that  with  the  Alaska  coal  the  fingering  would  increase  the  voids 
in  the  fuel  bed,  thus  considerably  decreasing  its  resistance  to  the 
flow  of  air  through  it,  provided  the  fuel  bed  is  not  disturbed  with 
fire  tools,  in  which  case  the  fingers  would  be  broken  off  and  tend 
to  fill  the  voids. 

The  preceding  considerations  go  to  show  that  the  resistance  of 
the  fuel  bed  to  the  flow  of  air  through  it  depends  not  only  on  the 
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size  of  the  fuel  but  to  an  even  larger  extent  on  the  nature  of  the  coal. 
This  is  an  important  fact  which  must  be  taken  into  consideration  in 
estimating  the  rate  of  combustion  for  different  coals  for  a  given 
available  draft. 

AIR  USED  PER  POUND  OF  COMBUSTIBLE. 

The  weight  of  air  per  pound  of  combustible,  computed  from  the 
analysis  of  the  gases,  varies  according  to  the  place  where  the  gas 
sample  was  taken.  With  samples  taken  near  the  grate  the  com- 
puted weight  is  high  and  decreases  with  the  gas  samples  taken 
farther  away  from  the  grate.  Near  the  surface  of  the  fuel  bed  the 
weight  of  air  is  the  lowest.  In  order  to  show  this  gradual  decrease 
the  weight  of  air  has  been  computed  in  several  tests  for  all  the  gas 
samples  taken.  Thus  in  test  50,  made  with  coke  and  a  6-inch  fuel 
bed,  the  weight  of  air  1^  inches  from  the  grate  is  41.1  pounds  per 
pound  of  combustible  burned  up  to  that  point.  Beyond  that  point 
it  decreases,  at  first  rapidly  and  then  slowly,  to  8.2  pounds  at  the 
surface  of  the  fuel  bed.  A  similar  variable  decrease  is  shown  in  tests 
16,  43,  and  33,  for  which  calculations  were  made. 

The  reason  for  this  decrease  in  the  computed  weight  of  air  is  that 
as  the  air  passes  up  through  the  fuel  bed  it  continually  picks  up 
carbon  and  other  combustible,  and  thus  the  ratio  of  air  to  combustible 
becomes  smaller.  When  the  air  enters  the  fuel  bed  all  of  its  oxygen 
is  free — that  is,  it  is  not  combined  Avith  any  carbon  or  other  com- 
bustible ;  therefore  at  that  point  the  ratio  of  air  to  combustible  burned 
is  infinitely  large.  As  the  air  passes  through  the  lower  layers  of 
the  fuel  bed  the  free  oxygen  combines  with  carbon  to  form  C02  until 
most  of  the  oxygen  is  used  up.  Then  as  the  C02  passes  through  the 
upper  layers  of  the  fuel  bed  the  C02  combines  with  some  more  carbon 
and  is  reduced  to  CO.  Thus  the  amount  of  carbon  that  has  com- 
bined with  the  air  gradually  increases,  causing  the  ratio  of  air  to 
combustible  to  become  smaller. 

In  most  of  the  tests  the  weight  of  air  was  computed  only  for  the 
samples  of  gas  taken  at  the  surface  of  the  fuel  bed  and  1J  inches 
below  the  surface.  Above  the  surface  of  the  fuel  bed  no  carbon  is 
gasified  so  that  the  gas  sample  taken  at  the  surface  gives  the  com- 
position of  gases  at  the  end  of  the  process  of  combustion  in  the  fuel 
bed.  The  Aveight  of  air  per  pound  of  combustible  computed  from 
the  analysis  of  gases  taken  at  the  surface  of  the  fuel  bed  should  be 
approximately  the  same  as  that  obtained  by  measuring  the  air  with 
an  orifice.  A  comparison  of  these  computed  values  with  those  given 
in  column  10  of  Table  1  shows  that  the  weight  of  air  measured  with 
the  orifice  is  in  general  somewhat  higher.  This  may  be  due  to  several 
causes,  the  main  ones  being  as  follows: 

The  measurement  of  air  Avith  the  orifice  may  be  2  to  5  per  cent  in 
error,  which  may  make  the  Aveight  too  large. 
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COAL  THAT  HAS  BEEN  HEATED  AT  1 ,500°  F.  UNTIL  VOLATILE  MATTER  HAS  BEEN  DRIVEN  OFF. 
PI  TO  P/„  PITTSBURGH  COAL;  Al  TO  Ah,  ALASKA  BERING  RIVER  COAL;  1.  SIZE  OF  PIECES 
PI  AND  Al  BEFORE  HEATING;  t,  SIZE  OF  PIECES  Pt,  PS,  AS,  AND  A3  BEFORE  HEATING. 
PU  AND  Ah  WERE  SLACK  SAMPLES. 
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Some  of  the  air  after  being  measured  with  the  orifice  may  have 
leaked  out  of  the  ash  pit  around  the  cleaning  door  and  the  shaking 
bars  of  the  grate  and  through  various  small  leaks  in  the  apparatus, 
although  in  the  tests  every  precaution  was  taken  to  prevent  such  leaks. 

When  a  test  was  started  the  fuel  bed  contained  mostly  combustible 
and  very  little  clinker  and  ashes ;  when  a  test  was  closed  the  fuel  bed 
contained  a  large  quantity  of  clinker  ahd  less  combustible.  Therefore 
more  combustible  was  really  burned  than  the  amount  computed  from 
the  weight  of  coal  fired  and  its  analysis. 

More  air  may  have  been  passing  up  along  the  wall  of  the  furnace 
than  near  the  center  of  the  grate,  where  the  samples  of  gases  were 
collected. 

EFFECT   OF   THICKNESS   OF   FUEL   BFD   ON    PRESSURE   DROP. 

With  the  same  kind  of  fuel  and  the  same  rate  of  combustion  an 
increase  in  thickness  of  fuel  bed  is  accompanied  with  approximately 
a  proportional  increase  in  the  pressure  drop  through  the  fuel  bed. 
That  is,  when  the  thickness  of  fuel  bed  is  doubled  the  pressure  drop 
through  it  is  about  doubled.  This  rule  wTas  found  to  hold  true  for 
the  isothermal  flow  of  air  through  beds  of  shot  in  experiments 
presented  in  Bulletin  21.a  Figure  18  shows  that  this  rule  holds  also 
fairly  well  for  the  flow  of  air  through  beds  of  burning  fuel.  The 
12-inch  fuel  bed  takes  about  twice  as  much  pressure  drop  as  the 
0-inch  fuel  bed.  Part  of  the  deviation  from  this  rule  can  be  ac- 
counted for  by  the  fact  that  the  pressure  drop  is  not  altogether 
used  to  push  the  gases  through  the  fuel  bed,  but  also  to  impart  to 
the  gases  the  velocity  with  which  they  leave  the  fuel  bed.  That 
is,  part  of  the  static  pressure  under  the  fuel  bed  is  converted  into 
dynamic  pressure  above  the  fuel  bed.  As  with  the  same  rate  of 
combustion  the  gases  leave  the  fuel  bed  at  about  the  same  velocity, 
the  dynamic  pressure  of  the  gases  at  the  top  of  the  fuel  bed  is  the 
same  with  both  thicknesses  of  fuel  bed.  Therefore  to  get  the  true 
pressure  drop  through  a  fuel  bed  the  dynamic  pressure,  which  is 
the  same  for  the  gases  at  the  top  of  each  fuel  bed.  should  be  sub- 
tracted from  the  total  pressure  drop  given  in  column  5  of  Table  1. 
This  feature  is  shown  in  figure  19,  which  shows  that  although  the 
true  pressure  drop  through  the  12-inch  fuel  bed  may  be  exactly 
twice  the  drop  through  the  6-inch  bed.  the  total  pressure  drops  do 
not  have  the  same  ratio  because  each  is  too  huge  by  a  magnitude 
equal  to  the  dynamic  head,  which  is  the  same  for  each. 

That  the  dynamic  head  is  of  appreciable  magnitude,  especially 
at  high  rates  of  combustion,   is   indicated  by  the    fact    that    small 

■  Rny,  W.  T.,  and  Kreislnger,  Henry,  The  significance  of  drafts  in  steam  boiler  practice  : 

Bull.  21,  Bureau  of  Minos,  64  pp. 
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pieces  of  coal  are  lifted  by  the  gases  from  the  fuel  bed  and  often 
carried  out  through  the  stack. 

The  dynamic  head  should  always  be  considered  in  all  measure- 
ments of  pressure  (drafts)  in  boiler  settings.  Usually  only  the 
static  part  of  the  pressure  is  considered,  the  dynamic  part  being 
left  out  altogether.  On  account  of  this  omission,  results  may  some- 
times show  that  the  gases  flow*  from  a  point  of  lower  pressure  to  a 
point  of  higher  pressure. 

Inasmuch  as  a  higher  pressure  drop  is  necessary  to  push  the  same 
quantity  of  air  through  a  thick  fuel  than  through  a  thin  one,  with 
thick  fuel  beds  higher  stacks  are  necessary,  or.  in  locomotives,  higher 
back  pressure  in  the  steam  cylinders. 


6  12 

THICKNESS  OF  FUEL  BED,  INCHES 

Figure  19. — Diagram  showing  the  relation  between  the  apparent  pressure  drop  and  the 
true  pressure  drop  through  the  fuel  bed.  The  apparent  pressure  drop  AD  through  a 
12-inch  fuel  bed  is  equal  to  the  true  pressure  drop  AC  plus  the  dynamic  pressure  CD  at 
the  top  of  the  fuel  bed.  The  apparent  pressure  drop  BD  through  a  6-inch  fuel  bed  is 
equal  to  the  true  pressure  drop  BC  plus  the  same  dynamic  pressure  CD  at  the  top  of  the 
fuel  bed. 

FUSION  OF  ASH  IN  FUEL  BED. 

In  all  instances  when  clinker  was  formed,  the  fusion  of  the  ash 
occurred  3  to  4  inches  above  the  grate  with  6-inch  fuel  beds  and 
even  as  high  as  10  inches  with  12-inch  fuel  beds.  Each  time  the 
grate  was  shaken  the  ash  could  be  seen  to  pass  the  hole  that  was 
3  inches  above  the  grate  in  a  half-fused  viscous  state,  showing  that 
the  fusing  or  softening  of  the  refuse  took  place  in  the  upper  layers 
of  the  fuel  bed.  When  a  test  was  closed  and  the  fuel  bed  was 
dumped,  a  ring  of  clinker  was  found  on  the  wall  extending  from 
a  point  2  or  3  inches  above  the  grate  to  4  or  5  inches  above  it  with 
a  6-inch  bed,  and  to  as  high  as  10  inches  with  a  12-inch  bed.  The  for- 
mation of  the  clinker  on  the  wall  of  the  furnace  is  shown  in  figure  20. 


COMBUSTION    IN    FUEL   BEDS   OF    OTHER   FURNACES. 


61 


The  ring  of  clinker  and  the  observations  of  the  ash,  made  through 
the  hole  3  inches  above  the  grate,  indicate  that  any  fusion  which 
takes  place  occurs  largely  in  the  reducing  zone  of  the  fuel  bed.  As 
the  half  molten,  sticky  ash  sinks  toward  the  grate,  it  passes  into  the 
oxidizing  zone  and  solidifies,  although  this  layer  of  fuel  bed,  where 
the  clinker  solidifies,  usually 
has  the  highest  temperature. 

It  should  be  remembered 
that  the  reducing  zone  con- 
tains not  only  combustible 
(reducing)  gases,  but  also 
a  considerable  percentage 
of  C02,  which  is  not  a  re- 
ducing gas.  The  zone  is 
called  reducing  because  in 
it  the  C02  is  being  reduced 
to  CO;  a  distinction  must 
be  made  between  reducing 
zone  and  reducing  atmos- 
phere. 

Fieldner,  Hall,  and  Feild a 
found  that  the  fusion  tem- 
perature of  coal  ash  is  much 
lower  in  a  partly  reducing 
than  in  a  strongly  oxidiz- 
ing   or    strongly    reducing 

atmosphere.  A  study  of  the  gas  composition  charts  (figs.  8  to  13) 
shows  that  the  melting  occurs  in  the  layer  where  the  gases  contain 
about  10  per  cent  of  combustible  gases,  10  to  12  per  cent  of  CO,,  and 
very  little  or  no  oxygen. 

DATA  ON  COMBUSTION  IN  FUEL  BEDS  OF  OTHER  FURNACES. 


Figure   20. — Section   showing   zone   of   clinker   for- 
mation in  small  experimental  furnace. 


COMPOSITION    OF    GASES    RISING    FROM    FUEL    BED    OF    A    HAND- 
FIRED   HEINE   BOILER. 

In  the  steaming  tests  of  coals  reported  in  Bulletin  23,b  the  compo- 
sition of  six  consecutive  samples  of  the  gases  rising  from  the  fuel 
bed  of  a  hand-fired  Heine  boiler  during  three  minutes  immediately 
tifter  firing  was  ascertained.     The   samples  were  collected   with   a 

■  Fioldnor,  A.  C,  and  ITall,  A.  E.,  The  fusibility  of  coal  ash  in  various  atmospheres  : 
Jour.  Ind.  Eng.  Chem.,  vol.  7,  1915,  p.  399;  Fi'ddner,  A.  C,  and  Feild,  A.  L.,  The  fusibility 
of  coal  ash  in  mixtures  of  hydrogen  and  water  vapor  :  .Tour.  Ind.  Eng.  Chem.,  vol.  7,  1915, 
p.  742. 

6  Breckenridge,  L.  P.,  Kreisinger,  Henry,  and  Ray,  W.  T.,  Steaming  tests  of  coals  and 
related  investigations,  Sept.  1,  1904,  to  Dec.  31,  1908:  Bull.  23,  Bureau  of  Mines,  1912, 
p.  282. 
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water-cooled  gas  sampler  laid  in  a  horizontal  position  on  the  surface 
of  the  fuel  bed.  The  length  of  time  during  which  each  sample  was 
collected  was  30  seconds,  each  sample  being  collected  in  a  separate 
bottle.  The  thickness  of  the  fuel  bed  did  not  exceed  4  inches.  The 
coal  used  was  Collinsville,  111.,  nut  size.  The  samples  were  collected 
and  analyzed  by  Perry  Barker,  chemist  of  the  steam  engineering 
section.    The  results  of  the  analysis  were  as  follows : 

Analysis  of  gases  leaving  fuel  bed  for  three  minutes  after  a  firing.a 

[Test  made  in  a  Heine  hand-fired  boiler,  Feb.  4,  1907,  on  nut  coal  from  Collinsville,  HI.  ] 


Percentage  by  volume. 

Time  during  which  sample  was 
taken. 

co2. 

o2. 

CO. 

CaH2n. 

Ha. 

CH4. 

Total 
combus- 
tible. 

First  half  minute 

7.6 
6.9 

4.7 

4.8 

5.9 

6.6 

2.3 
1.0 

2.2 

1.4 

1.6 

18.3 
19.8 

20.1 

17.4 

19.1 
15.8 

0.2 

.  .3 

.4 

.4 

.2 
.0 

1.0 

3.6 

/          5.5 

\         5.8 

f          4.2 

\          5.0 

7.6 

6.8 

1.2 
1.4 
2.6 
2.5 
4.5 
4.3 
3.0 
4.1 

20.7 

25.1 

Third  half  minute 

28.6 

Fourth  half  minute 

28.8 
26.5 

Fifth  half  minute 

27.1 
29.9 

Sixth  half  minute 

26.7 

"  Bureau  of  Mines  Bull.,  23  p.  282. 

The  gases  in  the  column  with  heading  CnH2n  are  unsaturated 
hydrocarbons;  they  were  determined  by  absorption  in  fuming  sul- 
phuric acid.  Hydrogen  and  methane  were  obtained  by  the  explosion 
method ;  C02,  02,  and  CO  were  determined  by  absorption  in  the  solu- 
tions as  used  in  an  Orsat  apparatus  for  the  same  purpose.  The 
tar  vapors,  upon  entering  the  water- jacketed  gas  sampler,  were  con- 
densed to  liquid  or  solid  and  could  not  be  determined  by  a  volu- 
metric method. 

The  results  of  the  analyses  agree  well  with  those  made  on  samples 
taken  at  the  surface  of  the  fuel  bed  in  the  tests  with  the  small  experi- 
mental furnace  reported  in  this  paper.  The  high  percentage  of  total 
combustible  in  the  gases  rising  from  the  fuel  bed  makes  the  product 
a  fairly  good  producer  gas,  showing  that  the  fuel  bed  acts  primarily 
as  a  gas  producer. 

COMBUSTION   PROCESS  IN   FUEL  BED   OF  A   MURPHY  STOKER. 

The  fuel  bed  acts  as  a  gas  producer  not  only  in  a  hand-fired  furnace 
but  also  in  other  types  of  furnaces.  Thus,  the  gases  rising  from  the 
fuel  bed  of  a  Murphy  stoker  contain  a  high  percentage  of  combustible 
and  very  little  free  oxygen.  Six  gas  samples  were  collected  simul- 
taneously near  the  surface  of  a  6-inch  fuel  bed  of  a  Murphy  stoker 
burning  Pittsburgh  coal  with  water-cooled  samplers  during  a  period 
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of  about  30  minutes.  The  rate  of  combustion  was  47  pounds  of  coal 
per  square  foot  of  grate  per  hour.  The  grate  area  was  25  square  feet 
and  the  six  samplers  were  uniformly  distributed  over  the  grate. 
The  average  analysis  of  the  six  samples  was  as  follows : 

Composition  of  gases  at  the  surface  of  a  6-inch  fuel  bed  of  a  Murphy  Stoker. 

Per   cent. 

C02 G.  2 

02 3.4 

CO 13.  4 

CH, L 1.0 

Ha 9.0 

Total  combustible 23.4 

Air  was  forced  into  the  furnace  through  the  tuyeres  immediately 
over  the  fuel  bed.  so  that  some  of  this  air  possibly  found  its  way  into 
the  samplers  along  with  the  combustible  gas.  The  mixture  was 
quickly  cooled  in  the  samplers  before  much  of  the  combustible  gas 
was  burned.  The  percentage  of  C02  and  free  oxygen  is  low  and 
that  of  the  combustible  high.  With  the  free  oxygen  present  only  a 
small  part  of  the  combustible  gas  could  be  completely  burned. 

The  composition  of  the  gases,  as  given  above,  shows  that  the  fuel 
bed  in  a  Murphy  stoker  acts  primarily  as  a  gas  producer,  and  that  if 
the  fuel  bed  is  kept  level  air  must  be  introduced  over  the  fire  in 
order  to  obtain  complete  combustion. 

COMBUSTION  PROCESS  IN  FUEL  BED  OF  A  JONES  UNDERFEED 

STOKER. 

The  fuel  bed  of  a  Jones  underfeed  stoker  also  acts  as  a  gas  pro- 
ducer, the  combustible  leaving  the  fuel  bed  not  as  products  of  com- 
plete combustion  but  mostly  as  combustible  gas;  that  is,  in  the  fuel 
bed  the  fuel  is  not  completely  burned  but  is  only  gasified.  This  fact  is 
shown  by  the  analyses  of  six  samples  of  gases  collected  at  different  dis- 
tances from  the  top  of  the  fuel  bed  in  a  furnace  equipped  with  a  Jones 
underfeed  stoker.  The  samples  were  collected  at  different  times  with 
the  fuel  bed  in  approximately  the  same  condition.  The  samples  were 
taken  with  an  exhausted  gas  container  which  was  water-cooled  and 
were  grab  samples.  They  were  collected  and  analyzed  by  J.  C.  W. 
Frazer,  chemist  of  the  fuel-testing  division.  The  results  of  the 
analyses  wTere  as  follows. 
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Analysis  of  gases  leaving  fuel  bed  of  a  Jones  underfeed  stoker,  New  River  coal. 
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21 
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0.1 
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100 
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2.00 
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The  location  in  the  furnace  where  the  samples  were  taken  is  shown 
in  figure  21,  and  the  distance  of  the  intake  of  the  sampler  from  the 
inside  of  the  furnace  wall  is  given  in  column  4  of  the  table. 
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Figure  21. — Section  showing  where  gas  samples  were  taken  above  fuel  bed  of  Jones  under- 
feed stoker. 

The  analyses  show  that  the  gases  were  richest  in  combustible  and 
contained  practically  no  free  oxygen  when  the  sampling  appa- 
ratus protruded  from  16  to  21  inches  into  the  furnace,  that  is,  when 
the  intake  was  near  the  burning  heap  of  coal.  The  oxygen  supplied 
through  the  tuyeres  was  all  used  up  in  burning  the  carbon  to  C02, 
which  was  then  reduced  to  CO. 
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BEARING  OF  RESULTS  OF  TESTS  ON  OPERATION  OF  GAS  PRODUCERS. 

The  rapid  combustion  and  gasification  of  coal  shown  by  the  results 
of  the  tests  presented  in  this  report  suggest  the  possibility  of  operat- 
ing gas  producers  at  a  very  high  rate.  It  seems  that  it  is  possible 
to  obtain  rich  gas  with  a  rate  of  gasification  of  100  to  200  pounds 
of  coal  per  hour  for  each  square  foot  of  cross  section  of  the  gas  gen- 
erator. Thick  fuel  beds  do  not  seem  to  be  necessary  for  rich  gas; 
perhaps  a  thickness  of  2  to  3  feet  is  all  that  is  needed  to  keep  the 
percentage  of  C02  in  the  gas  low.  The  one  condition  that  is  neces- 
sary for  a  high  rate  of  gasification  and  rich  gas  is  high  temperature. 

With  temperatures  above  1,300°  C.  the  reduction  of  C02  to  CO  is 
very  rapid.  This  fact  was  pointed  out  in  Bulletin  T,a  in  which  it  was 
suggested  that  a  gas  producer  be  operated  at  high  temperature,  thus 
making  it  possible  to  gasify  coal  at  rates  several  times  that  ordinarily 
used.  High  rates  of  gasification  would  tend  to  reduce  the  first  cost 
of  the  producer  plant,  and  high  temperature  would  appreciably 
reduce  the  percentage  of  tar  in  the  gases. 

One  difficulty  that  would  be  encountered  in  operating  a  gas  pro- 
ducer at  high  temperature  would  be  the  fusion  of  ash  into  clinker, 
which  would  be  difficult  to  remove  from  the  generator.  It  seems  pos- 
sible that  with  a  properly  designed  gas  producer  the  temperature 
could  be  kept  high  enough  to  fuse  the  ash  completely  and  run  it  out 
of  the  generator  in  the  form  of  liquid  slag,  as  is  done  in  cupolas  and 
blast  furnaces.  Experiments  along  this  line  were  conducted  by  the 
Bureau  of  Mines  but  had  to  be  discontinued  before  satisfactory  re- 
sults were  obtained.  The  description  of  these  experiments  and  the 
results  that  were  obtained  are  given  in  Technical  Paper  20.6 

EXPLOSIONS  IN  BOILER  FURNACES. 

xVs  the  gases  rising  from  the  fuel  bed  contain  20  to  32  per  cent  of 
combustible  gases,  it  is  not  difficult  to  understand  that  under  the 
right  conditions  an  explosive  mixture  can  be  formed  that  might 
cause  an  explosion  violent  enough  to  injure  the  fireman.  An  explo- 
sive mixture  can  be  formed  in  a  boiler  furnace  in  either  of  the  two 
following  ways: 

(1)  With  a  tight  setting  and  the  fire  doors  completely  shut  so 
that  no  air  is  entering  above  the  fuel  bed,  the  furnace  and  the  setting 
are  filled  with  a  combustible  gas.  If  then  the  fire  doors  are  sud- 
denly opened  a  large  volume  of  air  is  admitted  into  the  furnace  and 
mixes  rapidly  with  the  combustible  gas.    Under  such  conditions  the 

0  Clement,  J.  K.,  Adams,  I..  II..  and  Raskins,  C  X..  Essential  factors  in  the  formation  of 
producer  gat  :  Bull.  7.  Bureau  of  Mines    1911,  \>.  7. 

''Smith,  C.  l>.,  The  slagging  type  of  jjt.is  producer,  with  a  brief  report  of  preliminary 
Tech.  Paper  20,  Bureau  of  Mines,  1912,  H'  pp. 
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combustion  of  the  gases  may  be  so  rapid  that  it  assumes  the  violence 
of  an  explosion. 

(2)  With  the  fire  doors  wide  open  the  furnace  and  the  setting  fill 
with  air.  If  then  a  shovelful  of  slacky  coal  is  spread  over  the  fuel 
bed  and  the  fire  doors  are  quickly  closed,  the  large  volume  of  com- 
bustible gas  rising  from  the  freshly  fired  coal  forms  an  explosive 
mixture  with  the  air  in  the  setting.  An  explosion  may  follow  which 
is  strong  enough  to  blow  the  fire  door  open  and  even  lift  the  hood 
noticeably  from  its  seat  on  the  setting. 

At  the  experiment  station  of  the  Bureau  of  Mines  explosions  of  the 
second  description  were  made  almost  at  will.  The  explosions  were 
made  in  the  experimental  furnace  having  a  long  combustion  cham- 
ber which  is  described  in  Technical  Paper  63.°  Three  simultaneous 
gas  samples  were  collected  during  three  rapidly  successive  explo- 
sions. The  samples  were  collected  at  section  G  (see  fig.  3,  Tech. 
Paper  63),  about  30  feet  from  the  grate.  The  time  of  collecting  the 
samples  was  about  one  minute,  starting  about  one-half  minute  before 
the  first  explosion  and  ending  about  one-half  minute  after  the  third 
one.  The  explosions  followed  each  other  within  about  two  seconds, 
and  probably  were  three  waves  of  the  same  explosion. 

Inasmuch  as  part  of  the  gas  sample  was  collected  before  and  part 
after  the  explosions,  the  analyses  in  the  table  below  give  the  compo- 
sition of  a  mixture  of  the  gases  causing  the  explosions  and  the  gases 
resulting  from  the  explosions.  Similar  explosions  were  also  pro- 
duced by  quickly  closing  the  fire  door  after  raking  the  fuel  bed.  The 
results  of  the  analyses  follow  : 

Composition  of  furnace  gases  collected  during  three  successive  explosions  in  a 
furnace  having  a  long  combustion  chamber. 


[Explosions  occurred  after  spreading  a  shovelful  of  slack  coal  over  the  grate.] 


Sample  No. 

Proportion  in  gases  of— 

C02. 

o2. 

CO. 

CH4. 

Ho. 

G  3-5 

Per  cent. 
14.3 
13.  7 
U.1 

Per  cent. 

0.4 

.3 

.4 

Per  cent. 
4.0 

Per  cent. 
0.2 

Percent. 
2.0 
2.6 
2.0 

16 

5.7                   .1 
4.8 

27 

°  Clement,  J.  K.,  Frazer,  J.  C.  W.,  and  Augustine,  C.  E.,  Factors  governing  the  combus- 
tion of  coal  in  boiler  furnaces  :  Tech.  Paper  63,  Bureau  of  Mines,  1914,  46  pp. 
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The  explosive  limits  of  H2.  CO,  CH4,  and  illuminating  gas  in  air 
as  determined  by  different  observers  are  as  follows: 

Explosive  limits  of  H2,  CO,  CHt,  and  illuminating  gas  in  air. 


Gas  tested. 

Lower 

limit  of 

explosion. 

limit  of 
explosion. 

Observer. 

Hvdrogen  (Hi) 

9.5 
9.5 
14.3 
17.3 
6.0 
6.1 
7.0 
7.9 

61.7 
66.3 
74.  6 
74.  8 
12.0 
12.8 
22.6 
19.1 

Rosvkowski. 

Do 

Bunte  and  Eitner. 

Rosykowski. 

Bunte  and  Eitner. 

Do 

Methane  (CH,) 

Do 

Bunte  and  Eiiner. 

Ilium:*                      

Do 

Bunte  and  Eitner. 

CONCLUSION. 

A  summary  of  the  results  of  the  tests  described  herein  and  the 
conclusions  drawn  therefrom  has  been  given  in  the  first  part  of  this 
report  on  pages  8  to  9,  and  therefore  need  not  be  repeated  here. 
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